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Abstract 
This thesis reports on the design and construction of, and results from, an 
optical-dipole trapping apparatus developed to confine ultracold rubidium 
atoms in a conservative, large period, optical-dipole trap. 
An ultra-high vacuum system was designed and constructed to create a very low 
background pressure. A new technique of viewport construction was developed, 
allowing for the fabrication of economical, high-quality windows for transmis-
sion of mid-infra-red laser radiation. The construction of a magneto-optical 
trap (MOT) and an optical molasses, and the subsequent characterisation, are 
discussed. 
A theory for the ac-Stark shift of atoms in a far-detuned laser field was devel-
oped. The nature of the scalar and tensoriallight-shifts of the ground and first 
excited states of alkali atoms - the 5s2 51; 2 and 5p2 P3; 2 states of Rb - has been 
examined. The effect of the differential light-shifts between these states on the 
operation of efficient laser cooling is discussed. 
A quasi-electrostatic dipole trap (QUEST) was formed from 50 W of C02 laser 
power (A= 10.6 JLm), focussed to < 100 JLm. The transfer of ultra-cold atoms 
from the MOT and optical molasses to the QUEST have been examined. Single 
beam and standing wave geometries of the QUEST have been implemented, 
with lifetimes of many seconds. 
The theory for the ac-Stark effect due to a single laser field has been further de-
veloped to consider orthogonally polarised fields with independent wavelengths. 
The use of an auxiliary laser field, a Nd:YAG laser at A= 1.064 JLm, to enhance 
the number and density of atoms loaded into the QUEST has been proposed 
and realised. 
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Chapter 1 
' Introduction 
Cold Atoms 
The experimental investigation of neutral atoms ha~ been accelerated and en-
hanced dramatically by the development of laser cooling techniques [1, 2, 3, 4]. 
The preparation of cold atomic clouds with well defined energies and spatial 
distributions has contributed to research iu the field~ of atom optics [5, 6]. 
optical lattices [7], quantum information [8], atomic clocks [9], Bose-Einstein 
condensation [10, 11, 12] and degenerate-Fermi gasses [13]. 
Laser cooling and trapping of atoms makes use of the mechanical effects of 
light on atoms. Cooling arises from the abnorption and spontaneous emission 
of light from laser beams, as was first shown in 1985 by Chu et al. in an optical 
molasses [14]. By including an inhomogeneous magnetic field trapping as well 
as cooling can occur, as was demon.strated in the magneto-optical trap (~lOT) 
[15]. The MOT is the starting point for mo::Jt experiments as it can provide 
large numbern of atoms, (10 10 ) with densities on the order of lOll atornsjcm3 
and temperatures on the order of 100 ttK. 
Optical Dipole Traps 
The optical dipole force comen from the coherent interaction of an inhomoge-
neous laser field with the induced atomic electric dipole moment [ 16, 17, 18]. 
This force is conserV'cttive as it doe::; not involve spontaneou::J emission of light. 
It is the result of coherent scattering by the absorption and ::Jtimulated emi:s-
sion of photons in an inhomogeneou::J light field. The atomic energy levels are 
shifted by this process, a phenomenon kno-vvn as the ac-Stark effect [19]. In a 
1 
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senti -classical picture the laser field induces a dipole moment within the atom 
which results in an a.<;sociated energy. The potential can be shown to he related 
to the atomic polarizability, et. and the electric field strength. E by [20] 
v 1 £2 dipole= -2 n . (1.1) 
The polarizability is dependent on the frequency of the driving electric field and 
its form is dispersive, changing sign about an atonlic resonance [21]. 
The dipole potential can be related to the experimental parameters of laser 
I 
intensity, I and detuning from atonlic resonance, .6 = :.u - :.u0 , where u.: is the 
laser frequency and :.u0 is the atomic resonance frequency, by approximately [18] 
I 
Uo ::x .6. . ( 1.2) 
Furthermore, the scattering of trapping lights, which ultimately results in heat-
ing of trapped atoms, scales approximately as [18] 
I 
rsc :X _62 . ( 1.:3) 
From these equations it can be seen that atoms can be trapped by a focussed, 
red detuned laser beam. To have a trap of significant depth \vith negligible 
heating it is necessary to increase the intensity of the trapping laser beam and 
also the detuning from resonance. The first experiment on dipole trapping used 
a laser that was detuncd by several hundred GHz to the red of the D1 line 
in Na [14]. At this detuning radiation pressure forces were still observed and 
scattering rates of 2600 photons/5 were estimated. The first ·'far-off-resonance'' 
optical dipole trap (FORT) was demonstrated in 1993 using a laser that was 
detuned by 63 nm from resonance [22]. Scattering rates of lO:J photons/ s were 
measured. resulting in heating rates of 600 ji.K/ s. To get siguificant trap depths 
the laser had to be focussed to a spotsize of < 10 pm. limiting the number of 
trapped atoms to 1300 Rb atoms. 
A major advancement of optical dipole trapping came about with the proposal 
of a C02 la.<;er at 1\ = 10.6 pm to trap cold atom::; [23]. Shortly after this 
proposal the sam~ grnnp trapped more than 106 Ct; atoms in such a trap wiLll 
pstirnatr'd srattrring; rcltt•s nf oJH' photon lH'l' aLum per llOO .:,; ( ,, 0.:.! miiz) [:2-!]. 
This trap used a 20 W C02 laser focussed to 100 pm to create a trap of volume 
1..5 x 10-4 em:~, more than tlve times larger than the volume in the original dipole 
Chapter 1. Introduction 3 
trapping experiment [14]. The C02 wavelength is so far detuned from ground 
state atomic transitions that such a trap has been dubbed a quasi-electrostatic 
trap (QUEST) [23]. 
In the push for lower temperatures and higher atomic densities, magnetic traps 
were the tool of choice in the race for Bose--Einstein condensation (BEC). How-
ever, optical dipole traps have many advantages over magnetic traps. The 
sample can be trapped in the absence of magnetic fields, or fields can be ap-
plied to investigate Feshbach resonances [25]. The ground state dipole potential 
' in this regime is very similar to the static limit and does not depend on the the 
hyperfine states of atoms. This allows for simultaneous trapping of different 
states of an atom and of different atomic species [26, 27] 
' 
A feature of C02 optical lattices is the large lattice spacing, 5.3 J.Lm. This has 
allowed observation and addressing of individual sites in such an optical lattice 
[28]. 
'vVe have used a C02 laser as the basis of our trapping experiments because of the 
negligible heating rates due to spontaneous scattering and also due to the large 
lattice spacing. Such a system will be the basis for 3D lattice experiments. which 
will allow 3D arrays of atomic samples. Each lattice site will be independent of 
other sites and will be addressable in 3D, providing a possible quantum register. 
The experiments in this thesis were devised to examine the loading of ultra-
cold Rb atoiilli into a lD lattice. Due to the ac-Stark effect the atomic energy 
state::; used for laser cooling are ::;hifted down in energy. The polarizability of 
the upper la::;er cooling state is 2.6 times larger than that of the ground state, 
re::;ulting in reduced efficiency in loading of the optical lattice. A theoretical un-
derstanding of these differential light-shifts was developed from time--dependent 
perturbation theory. 
By using an auxiliary laser field at a different wavelength the differential light-
shifts of the ground and excited states can be tuned, as a result to the frequency 
dependence of the atomic polarizability. Using this 'light-shift engineering' we 
have demonstrated enhanced loading of an optical lattice. Furthermore. using 
thi~ techniquP \Vf' have selecti vdy loaded SlJeciiic regions of <Ul optical molasses. 
'vVe haV!' Of'Vf'lnpt'! I the 1 heorctical basis or Lhe ac- Stark etlect to include the 
tensor components of the polarizability [29]. 
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1.1 Thesis Layout 
As will be made clear in this thesis, in order to trap atoms in a C02 laser, optical 
dipole trap either laser intensities on the order of lOll W ern - 2 are required 
or the atoms must first be pre---cooled to the pK regime. In the experiments 
described here we have gone for the latter option. In this thesis the design and 
construction of an experiment to examine the loading of atoms cooled to the 
micro-Kelvin regime into a C02 laser, optical dipole trap will be outlined. Some 
of the techniqW!s used have been further developed during the course of this 
project, and will be presented in some detail. In the course of these experiments 
the ac-Stark effect of the states involved in laser cooling was examined. A 
technique Was developed to control the relative light-shifts of the ground and 
excited states. 
The design and operation of efficient extended cavity diode lasers (ECDLs) is 
discussed in Chapter 2. This section will also cover the stabilisation of the laser 
frequency to ~ 1 ~1Hz, 
In Chapter 3 the ultra high V'acuum (UHV) apparatus will be described. The 
design and development of novel vacuum viewports will be examined in detail. 
A MOT was created from the tools characterised in the previous chapters. The 
techniques of laser cooling are briefly examined and the experimental imple-
mentation outlined in Chapter 4 as will the development of a new method of 
providing a vapour of alkali metal atoms for the experiment. 
The interfacing with the experiment is described in Chapter 5. This chapter 
details the computer control of the experiment and acquisition of CCD camera 
1mages. 
In Chapter 6 the theory of the ac-Stark shift is developed via time-dependent 
perturbation methods. The experimental considerations and realisation are 
described in Chapters 7 and 8. 
The situation of perturbing laser fields of different wavelengths is developed in 
Chapter 9 and the experimental results are presented in Chapter 10. 
Finally, some conclusions and future directions of CU2 optical lattice experi-
ments are discussed in Chapter 11. 
Chapter 2 
Lasers and Laser Stabilisation 
2.1 Introduction 
The use of diode lasers has become commonplace in atomic physics [30, 31, 32]. 
As the field has advanced rapidly, [4], it has become more important to have 
laser systems that are highly stable and capable of remaining 'locked' to a 
particular spectral line for long periods. A general requirement is to stabilise 
the lasers to less than the atomic linewidths, r [33]' which for the alkalis is of 
the order of 10 MHz (6 MHz for 85 Rb). Although an extended cavity diode 
laser (ECDL) can have a short-term stability of less than 1 MHz, it can drift 
over 100 MHz in a few minutes due to thermal fluctuations [34]. To prevent 
this drift the lasers can be stabilised by referencing to a narrow spectroscopy 
signal, e.g. saturation absorption spectroscopy [30, 35]. 
Chen et al., [36] examined the number of atoms trapped, and optimal trapping 
conditions of 87 Rb with lasers of linewidth 10 IVIHz and 1 MHz. The overall 
effect of the increase of the linewidth by an order of magnitude was a reduction 
in the trapped number b~r 40 percent, while still trapping more than 107 atoms. 
This shows that by careful frequency stabilisation of tlw laser the number of 
trapped atoms can be significantly increased and fluctuations in the number of 
trapped atoms supressecl. A further argument for frequency stabilisation is to 
keep the lasers on tllP dPsired frcquency for as long as possihlc. This means 
that thcrf' can lw confidcnce in the n'JWA.tability of f'XJWriments and reduces 
the amount of time spent tuning lasers. 
5 
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2.2 Extended Cavity Diode Lasers (ECDLs) 
Free running diode lasers have linewidths of up to 100 MHz and drift in fre-
quency due to thermal vibrations and changes in the operating parameters of 
the diode, such as noise in the driving current. 1\ming of the frequency is 
achieved mainly through the temperature of the diode, and to a lesser degree 
the driving current. However this tuning is a hit-an-miss affair that varies very 
much between different laser diodes. The output wavelength shows discrete 
jumps, on the order of 0.35 nm ( rv 100 GHz at 780 nm) with varying temper-
ature due to mode hops in the laser cavity. See Wieman et al. for an excellent 
review of the use of diode lasers in atomic physics [37]. 
Diode lasers are very susceptible to optical feedback, a technique that can be 
used to create a tunable, narrow-linewidth laser source. A frequency dependent 
reflector - e.g. a diffraction grating - provides such a method of feedback while 
still coupling out a significant amount of laser power. In the 'Littrow' geometry 
a blazed grating diffracts the low power first order laser beam back into the 
laser diode cavity, with the zeroth order being outcoupled. This, and similar 
schemes are what are know as ECDLs. The external cavity allows the selection 
of a single mode of the diode chip. This simple set-up causes narrowing of 
the laser linewidth by two orders of magnitude and also allows tuning of the 
operating wavelength [30, 31]. 
To counteract the effect of mechanical vibrations and temperature fluctuations 
some kind of active stabilisation is required. In the ECDL scheme a grating is 
used to select a frequency, through the first diffracted order, and to feed this 
back into the diode laser cavity. This technique reduces the linewidth of the 
laser to < 1 MHz. The zeroth order diffracted beam is then used as the laser 
output. The increased cavity length is a factor in the reduction of the linewidth. 
Adjustment of the angle of the grating with a piezo-electric actuator provides 
a mechanism for the feedback to the laser - if the laser frequency is lower than 
required, the angle of the grating can be increased or correspondingly opposite. 
The temperature control of the laser and extended cavity determines the quality 
of the long term stability of the laser, i.e., how repeatable the performance 
of the laser is over the days, weeks and months that a experiment is in use. 
Temperature changes will cause changes in the cavity lengths of the diode and 
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the ECDL, which drastically affect the mode. For this reason the diode and 
external cavity must be actively temperature stabilised. 
Experimentalists using Rb have the lucky advantage of having the cooling tran-
sition at 780 nm being virtually the same as the wavelength used in CD players 
[38]. Consequently considerable research has been conducted into the develop-
ment of low cost and high power laser diodes in this spectral region. For exam-
ple, it is now possible to buy a single 120 mW diode (Sharp GH0781JA2C) for 
less than £14 [39], or equivalent to less than £155/Watt. 
2.3 Details of ECDLs 
The lasers used in Durham atomic labs are based on the Littrow configura-
tion [30, 31]. The laser diode (Sharp GH0781JA2C) and a collimating lens 
(! = 4.5 mm) are contained within a collimating tube (Thorlabs LT230P-B), 
giving good alignment of these optical components. The collimation tube is 
clamped into an aluminium mount which acts as a thermal reservoir for the 
laser diode. A gold-coated, holographic diffraction grating with 1800 lines/mm 
is used for frequency selective feedback. These gratings, from Richardson Grat-
ing Laboratory are used as they diffract less from the zeroth order and so can 
out-couple up to 85% of power out from the diode. The grating is mounted 
at 45° relative to the laser beam upon two piezo-electric actuators (Thorlabs 
AE0203D04) which are glued to another aluminium mount which is clamped 
in an adjustable mirror mount (Thorlabs KC1). The mirror mount allows for 
accurate alignment of the feedback into the laser diode. The entire external 
cavity is mounted inside an aluminium insulating box which is screwed to the 
brass base plate. The box is then mounted upon a heavy foam base to reduce 
vibration and then placed inside a second larger box. Anti-reflection coated 
windows are glued into both boxes to allow the laser beam to exit. The two 
boxes isolate the laser and extended cavity from air movement and temperature 
changes in the lab. 
A Peltier cooler is in thermal contact with the collimating tube clamp. A second, 
larger cooler situated beneath the base plate to control the cavity temperature. 
Two 10 kn thermistors, mounted above the laser diode and between the Peltier 
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coolers, are connected to separate temperature controllers (Wavelength elec-
tronics TEC5000). By this arrangement the temperature of the laser diode and 
the cavity are actively controlled to 25°C and 24°C respectively. Previously we 
had kept the coolers at l9°C, approximately room temperature, but found that 
changes in the temperature of the lab above the set-point temperature of the 
laser diode caused run-away heating of the diode. This was due to the trapping 
of the heat generated by the Peltiers in keeping the laser diode cool within the 
two insulating boxes. Keeping the laser diode and cavity above the temperature 
range of the lab has proved to eliminate the problem. 
2.4 Spectroscopy and Laser Stabilisation 
In a history of hydrogen, Rigden writes, "The experiments themselves - satu-
ration spectroscopy, polarization spectroscopy ... - were magnificent in their 
design and execution." [40). 
2.4.1 Introduction 
A considerable amount of time has been spent within the Durham group in 
stabilising the lasers used in our cold atom experiments. The goals of these 
stabilisation experiments were to have an accuracy as high as possible on an 
atomic transition line centre, to increase the precision and reduce the linewidth 
as much as possible (generally sub MHz), to have a very stable 'lock', and to have 
a repeatable response to the previous points. Another feature that is very de-
sirable is ease of use when the technique is used in a full, cold atom experiment. 
Various methods of stabilising diode lasers to a frequency have been examined: 
dither locking through current modulation, dither locking through AOM mod-
ulation, level locking against Doppler broadened hyperfine features, dichroic 
atomic vapour laser locking (DAVLL) [41) and polarisation spectroscopy [42]. 
Only the latter was used in these experiments so only this will be described in 
detail here. However, for interest we compare the methods in terms of the goals 
listed above and also experimental complexity. 
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Comparison of Locking Methods 
All of the methods for locking lasers have advantages in one of optical simplicity, 
electronic simplicity, accuracy, precision or robustness. Firstly we compare the 
methods as regards accuracy, precision and the recapture range - the frequency 
range over which the laser will return to the lock point if the laser is disturbed. 
Name Accuracy Precision Recapture Range 
Dither Locking < 1 MHz :::; 1 MHz Small, ~ 50 MHz 
DAVLL ~ 250 MHz ~ 1 MHz Very large, ~ 1 GHz 
Level Locking ~ 100 MHz ~ 1 MHz < 10 MHz 
Polarisation Spectroscopy ~ 2 MHz < 1 MHz ~ 100 MHz 
Table 2.1: Comparison of the most common laser locking methods in terms 
of the accuracy and precision of the locking frequency and also the recapture 
range. 
The values in Table. 2.1 have been measured within the group. The table shows 
that polarisation spectroscopy is a precise technique that does not appear to 
compromise on other desirable characteristics. 
The other consideration to be looked at is ease of implementation, and optical 
and electronic complexity. The main optical component required is the reference 
vapour cell, which is essential for all locking schemes. However a setup such 
as DAVLL requires an additional vapour cell for saturation absorption spec-
troscopy as the features it measures are GHz wide and the accuracy is low, as 
indicated in Table 2.2. The techniques all require essentially identical circuitry 
for feedback to the laser. 
2.4.2 Basic Principles of Polarisation Spectroscopy 
Polarisation spectroscopy was proposed and demonstrated by Wieman and 
Hansch as an advancement on saturation absorption spectroscopy. The use of 
polarisation spectroscopy to stabilise an ECDL has been described previously 
[43]. This work has been further advanced to create a technique for frequency 
stabilising ECDLs on a zero-crossing of an error signal without modulation of 
the laser frequency [42]. 
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Name Optics Required Electronics Required 
Dither Locking 1 x Vapour cell 1 x Photodiode 
(Current) Lock-in amplifier 
Current modulator 
Dither Locking 1 x Vapour cell 1 x Photodiode 
(AOM) AOM Lock-in amplifier 
DAVLL 2 x Vapour cell 2 x Photodiodes 
Magnets Differencing circuit 
Level Locking 1 x Vapour cell 1 x Photodiode 
Polarisation Spectroscopy 1 x Vapour cell 2 x Photodiodes 
Differencing circuit 
Table 2.2: Comparison of the additional optical and electronic components, 
aside from standard mirrors and lenses, required for standard laser locking 
methods. 
Polarisation spectroscopy is method of high resolution spectroscopy, similar 
to saturation absorption spectroscopy [30, 35] in many ways. The medium is 
pumped and probed with two beams created from the same laser, with the pump 
beam more intense than the probe. See Fig. 2.1 for experimental setup. The 
differences between the spectroscopic methods are in the pumping and probing 
mechanisms. The theory concerning polarisation spectroscopy is examined in 
depth in [35, 42, 44, 45] 
photodetector 
thick glass slidl;e~~~~J=~~~~~~::!_~,H-c 
probe beam 
photodetector 
beam splitting cube 
ECDL 
thick glass slide 
Figure 2.1: Schematic for polarisation spectroscopy based spectrometer. 
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2.4.3 Model of Polarisation Spectroscopy 
Consider a circularly polarised, a+ laser beam passing through an atomic gas 
sample. If the beam is resonant with a particular transition of the atom then 
the atoms will be optically pumped towards increasing mF, following from the 
selection rule that a± light causes D. mF = ±1 transitions. This pumping will 
cause a nonuniform population of different Zeeman levels. A linearly polarised 
probe beam will observe any anisotropy of the medium as a birefringence, due 
to differential absorption of orthogonal components of the probe beam. This 
birefringence will be observed in a rotation of the plane of polarisation. 
2.4.4 Experimental Implementation 
The probe and pump beams are taken from the same laser with intensities of 
1.2 m WI cm2 and 3.6 m WI cm2 , respectively, typically used. The probe beam is 
arranged so that it is linearly polarised, if necessary using a linear polariser. In 
general this is not required as the beam emitted by the ECDL is already linearly 
polarised. We arrange that the plane of polarisation is at 1r I 4 to the horizontal 
using a half-wave plate. The probe beam is analysed by passing it through a 
polarising beam splitting (PBS) cube which separates the beam into its linear 
horizontal and vertical components. Each of these components is detected by 
a separate photodiode. A good check that the angle of the polarisation is at 
1r I 4 is to ensure that the intensities coming from the PBS are identical. It is 
to be noted that linearly polarised light can be considered as a combination of 
left- and right-circularly polarised light, with the angle of the plane of linear 
polarisation being a function of the relative phases of the circular components. 
The pump beam is passed through a >..I 4 waveplate so that it is circularly 
polarised when it pumps the medium. 
The circularly polarised light will induce a- or a+ transitions in the absorbing 
atoms; i.e., it will cause changes in the magnetic sub-levels of the atom of 
D..mF = -1 and D..mF = + 1 respectively. The type of transition caused will 
depend on the polarisation of the beam relative to external magnetic fields. 
The circularly polarised light will cause saturation of some transitions within the 
atoms, and can pu~p some of the atoms into states that are dark to the pumping 
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light if these states are available. The net result is that the medium now has a 
non-uniform population in the different magnetic sub-levels. The medium will 
now absorb the O"+ and the O"- components of the probe beam differently. Thus 
one of the components will emerge retarded and with a different relative phase 
to the other circular component as it had when it entered the medium. The 
effect is for the plane of polarisation of the probe beam to be rotated. This 
will be observed by an increase of intensity in one of the photodiodes analysing 
the resolved components of the probe beam and a corresponding decrease in 
the other. The differential absorption of the orthogonal circularly polarised 
components of the probe beam is observed by inserting a )..j 4 waveplate before 
the analysing PBS. The result can be seen in Fig. 2.2, which clearly shows the 
significant enhancement and decrease of absorption about the closed transition. 
Fig. 2.3 (top and middle) show saturated absorption and polarisation spectra 
recorded simultaneously on a single frequency scan for 87Rb and 85Rb cooling 
transitions. The signal produced for Fig. 2.3 (middle) used the set-up show in 
Fig. 2.1 with an angle of 5.5 mrad between the pump and probe beams. In 
our set-up this requires a distance of over half a metre between the vapour 
0.83 0.83 
a) b) 
c 0.78 c 0.78 Pump on 0 0 
"(j) Pump on "(j) 
.~ Enhanced -~ E 0.73 ,, absorption E 0.73 (/) "'., (/) 
c Pum~ c ctS ctS '- '-I- 0.68 I-
Diminished 
absorption 
0.63 0.63 
-200 -100 0 100 -200 -100 0 100 
Detuning (MHz) Detuning (MHz) 
Figure 2.2: Polarisation spectra with a quarter-wave plate before the analysing 
PBS. (a) Absorption profile for the component of the probe driving O"- transi-
tions, showing a enhanced absorption in the region of the closed transition. (b) 
Absorption profile for the component of the probe driving O"+ transitions, show-
. ing· l'i"'decfeased absorption in the region of the closed transition. 
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Figure 2.3: Saturated absorption (top) and polarisation (middle, bottom) 
spectra of, from left to right, the 87Rb, F = 2 ~ F' and the 85Rb, F = 3 ~ F' 
features recorded on a single frequency scan. top) and middle): Pump and 
probe were counter-propagating at an angle of ~ 5 mrad and with intensities 
of 3.6 mW/cm2 and 1.2 mW/cm2 respectively. bottom) Same setup but with 
pump and probe were counter-propagating at an angle of 72.5 mrad. 
cell and the mirror to reflect the pump beam through the vapour cell. This 
is not an ideal experimental situation. Furthermore, the signal produced has 
a number of zero crossings in the region of the transitions indicated. Further 
signals were taken using a larger angle of 72.5 mrad. which has the effect of 
Doppler broadening the signals, as can be observed in Fig. 2.3 (bottom). The 
signals produced have much fewer zero crossings than with the small angle set-
up or than from error signals produced with from a dither and a phase sensitive 
detector. The effect of increasing the angle between pump and probe beams is 
illustrated in Fig. 2.4 as the angle is increased by a factor of two. The reduced 
resolution of features can be seen in in both this figure and Fig. 2.3, as is the 
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decrease in signal height. 
2.4.5 Magnetic Sensitivity of Polarisation Spectroscopy 
The effect of a cancelling magnetic fields about the vapour cell was examined by 
placing the cell within a Mu-metal shield. Careful positioning of the cell within 
the shield was found to remove a non-linear background offset, Fig. 2.5. The 
figure shows that the magnetic shield decreases the size of the observed signals, 
whereas previously Pearman had measured increased signals with a shield [44]. 
In general it was found that slight changes in the Mu-metal shield position 
caused the observed signal to change. Also, the shield is inconvenient to use as 
it is bulky. 
A pair of coils were used to produce a bias field along the vapour cell. The 
coils were approximately 5 em in diameter and separated by approximately 
8 em. The coils produced a maximum B-field of 1.3 G at the centre of the 
vapour cell. This longitudinal bias field caused the polarisation spectroscopy 
0.2 
(a) (b) (c) 
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-> 
-
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c: 
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Detuning (MHz) 
Figure 2.4: Effect of increasing the pump-probe angle in the polarisation spec-
troscopy setup. The spectrum is that of the 85Rb F = 3 - F' transition. The 
a11gles and peak-to-peak signals are, a) 37 mrad, 320 mV, b) 58 mrad, 262 mV, 
c) 80 mrad, 170m V. 
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Figure 2.5: Spectra taken with (bottom) and without (top) a Mu-metal mag-
netic shield about the vapour cell in polarisation spectroscopy. The figures show 
spectra with and without the pump beam. 
features to increase in size. Fig. 2.6 shows this increase as observed on the 85Rb 
F = 3 - F' = 4 feature. 
For laser locking it is essential to know to what frequency the laser is being 
locked. Increasing the bias B-field also changs the position of the features. 
To monitor this effect a separate saturation absorption spectroscopy setup was 
added to monitor the position of the features that were to be locked to. The 
position of the zero-crossing initially varies quickly with varying bias B-field 
up to approximately 0.2 G, as shown in Fig. 2.7. The offset from 'true' line 
centre is actually decreased up to this point. These results agree with measured 
spectra of calcium taken over a greater B-field range [46]. 
In the setup the position of the bias coils was well defined by the vapour cell. 
Small changes in the position of the coils were not observed to have an effect on 
the spectroscopy signals produced. The offset of the zero crossing was monitored 
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Figure 2.6: Plot of the variation of the peak-to-peak signal on the 85Rb F = 
3 ----7 F' = 4 polarisation spectroscopy feature with increasing longitudinal, bias 
B-field. A field of 1.3 G causes a signal increase by a factor of 2. 7 
regularly but was not found to drift over days or months. 
2.4.6 Locking with Polarisation Spectroscopy 
An integrator circuit based on that of Rovera et al. [47] was used, Fig. 2.8. 
Following the integrator section a DC bias voltage was added. This was to 
bring the voltage on a gross scale to the voltage corresponding to the required 
locking point. The output from the adder was connected to the piezo and also 
to the oscilloscope to monitor the feedback signal. 
The laser was locked as follows: the laser current and the piezo scan were ad-
justed until the required transitions were observed in the saturation absorption 
spectrum. The zero-crossing of the polarisation spectroscopy difference signal 
was observed and the corresponding piezo voltage was recorded. The piezo was 
disconnected from the signal generator and connected to the output of the lock-
ing circuit, ensuring that the 'Lock' was set so that the integrator acted as a 
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Figure 2. 7: Plot of the variation of the zero crossing of the 85Rb F = 3 ~ F' = 4 
polarisation spectroscopy feature with increasing longitudinal, bias B-field. The 
error bars are due to uncertainty in defining the line center in the reference 
saturation spectroscopy. 
voltage follower. The recorded piezo voltage was added on at the DC bias stage 
and was fine tuned so that the saturation spectroscopy signal was observed to 
follow the pattern of the hyperfine transitions in the region required and the 
difference signal was seen to move as expected and to move to its zero crossing. 
The 'Lock' switch was then used and the gain adjusted until oscillation was 
observed. The gain was then reduced, indicating a lock with a large gain but 
below the oscillation threshold. External disturbances, such as loud noise (pro-
vided by a radio that was tuned to the noise between stations) and striking of 
the table caused oscillations in the feedback signal which died quickly when the 
disturbance was removed. The laser was then observed to remain on resonance. 
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Figure 2.8: Circuit used to lock the laser. All resistors used are 100 k!l. The 
capacitor used is 0.1 J.tF. The op-amps are AD-548. The trimmers are 1k!1. 
The switches across the integrator and linking the integrator and adder are 
synchronous. 
2.5 Frequency Stability and Beat Measure-
ments 
The trapping and hyperfine repumping lasers have been locked without inter-
ruption for days using polarisation spectroscopy, limited only by the lifetime of 
the batteries in the photodiode circuits. 
To monitor the frequency stability of the locking scheme, the trapping and 
repumping lasers were both locked to the 85Rb, F = 3 ---+ F' = 4 feature using 
polarisation spectroscopy and feedback to the grating piezo. A frequency offset 
of"" 5 MHz was introduced between the lasers by using the >./2 waveplate (see 
Fig. 2.1) to shift the zero of the error signal on one of the lasers. The beams 
were combined on a 50/50 beam-splitter and then focussed onto a photodiode. 
The photodiode, a Siemens BPX-65, has a quoted frequency response of up 
to 100 MHz when used with a 50 !1 resistor. The data were recorded on an 
300 MHz bandwidth oscilloscope, terminated at 50 !1 for impedance matching. 
If each laser is well described by a Lorentzian frequency line shape then the 
combined line shape should be also be described as a borentzian. The FFT 
of the beat signal was fitted with back-to-hack exponentials as the Fourier 
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transform of a Lorentzian is an exponential, Fig. 2.9. The full-width-half-
maximum (FWHM) was estimated as 625 kHz. If we assume that both lasers 
have similar, though un-correlated linewidths we then estimate the individual 
laser linewidths as rv 310 kHz. 
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Figure 2.9: FFT of measured beat spectrum between two lasers frequency sta-
bilised using polarisation spectroscopy (grey) with a back-to-hack exponential 
fit. The FWHM is measured to be 625 kHz. 
If the lasers drift in a correlated way, say due to temperature changes in the 
lab, this would not be evident from the measurement described above. We have 
monitored the individual error signals feedback to the piezo while the error is 
in lock and observe that the RMS value of this signal, typically 300 kHz, agrees 
with the beat measurements. 
It has also been shown that the 'recapture' range of the polarisation spec-
troscopy signal is at least a factor of 3 larger than that of the saturation spec-
troscopy method. The saturation spectroscopy error signal has zero crossings 
separated by 60 MHz, giving a range of rv ±30 MHz on the locking point. This 
is due to the fact that each peak in the spectrum has a zero crossing. The 
polarisation spectroscopy signal gives of a range of rv -50 MHz rv +300 MHz 
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on the lock point, see Fig. 2.3. This value was found by direct measurement of 
results. With a larger angle between the pump and probe beams the details of 
the polarisation spectrum were reduced. This increased the range on the lower 
frequency side of the lock point. 
Fig. 2.10 shows the increased captured range and simpler error signal produced 
by polarisation spectroscopy when compared to dither locking, for the 85 Rb, 
F = 2 - F' transitions. Using polarisation spectroscopy gives zero crossings 
at -520 MHz and at +60 MHz, relative to the lock point, with the lower limit 
being off the scale of the figure. The dither method gives zeros at ~10 MHz on 
either side of the desired lock point. 
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Figure 2.10: Saturated absorption spectrum top), the corresponding error sig-
nal produced by a dither on the laser drive current middle), and polarisa-
tion spectrum (bottom) of the 85Rb, F = 2 ~ F' hyperfine features. The 
polarisation spectrum has fewer zero-crossings and a greater capture range 
than the dither-produced error signal. The zero crossing is close to the 85Rb, 
F = 2 ~ F' = 1/2 crossover feature, -78.1 MHz detuned from the repumping 
transition, F = 2 ~ F' = 3 which is referenced as 0 MHz. For the polarisation 
spectrum the same setup as Fig. 2.3, bottom) is used. 
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The Vacuum System 
The cooling and manipulation of atoms with light is conducted within a vacuum 
as collisions between the cold atoms and the background gas results in the 
heating of the cooled atoms and their subsequent loss from the trapped system. 
The rate of these collisions is 
(3.1) 
or the product of the background density, the background gas velocity and the 
collisional cross section. An ideal solution to this problem is to conduct the 
experiments in the absence of a background gas or, the nearest experimental 
equivalent, an ultra-high-vacuum (UHV). The original BEC experiments re-
quired trap lifetimes at least on the order of a minute in order to complete 
rf-induced evaporative cooling to quantum degeneracy which in turn required 
background pressures on the order of w-n Torr [48]. By using optical dipole 
traps [49, 50] and atom-chips [51], BECs and Fermi-gasses can be achieved in a 
few seconds, which then lessens the requirements of UHV. However, in the case 
of vacuums, less is generally better. 
3.1 Design 
The vacuum system was designed with the aims of having maximum optical 
access at 780 nm and 10.6 J.-Lm, for cooling and dipole trapping beams, respec-
-·trvely~ while minimising volume and suiface area. The optical requirements are 
for cooling and trapping beams, and for observation. The second design goal 
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Figure 3.1: Front (left) and endwiew (right) of the vacuum chamber. The components labelled are; a) DN40, AR coated 
(10.6 J.Lm), ZnSe, homemade viewports, b) DN40, AR coated (780 nm), commercial, BK7 viewports, c) large (DN100), AR 
coated (780 nm) commercial BK7 viewports, d) all metal valve, e) 40 f/s Varian diode ion pump with Mu-metal shield, f) 10 A 
electrical feedthroughs, g) ion gauge. 
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was to optimise the final pressure reached in the chamber, which was achieved 
by keeping the volume to be pumped low and also keeping the area over which 
contaminants can degas to a minimum. 
The vacuum system used in the experiments was based about a commercially 
available, stainless steel, Kimball (TM) spherical octagon. This is a ring cut 
parallel to a great circle on a hollow sphere of internal diameter 8.25 inches. 
Eight DN40 flanges are equally spaced about the diameter with a DNlOO flange 
on each face. Optical access is required through all flanges, so a six- way-cross 
and four- way- cross are attached to provide provide access for an ion-pump, 
electrical feed-throughs for a rubidium dispenser and an ion-gauge, see Fig. 3.1. 
Fig. 3.2 shows a photograph of the chamber during initial testing of the quality 
of the vacuum attainable in the chamber. 
Figure 3.2: Photo of the vacuum chamber during testing of viewports. The 
large viewports are not attached in this figure. 
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3.2 Vacuum Pumps & Pressure Measurement 
During normal operation, the experiment was pumped by a 40 e;s Varian Vacion 
Plus 40 Diode ion pump [52], with an ultimate pressure attainable quoted at 
< 10-11 Torr. Before the ion pump can be activated the pressure in the chamber 
needs to be reduced to below 10-5 Torr. This 'roughing' [53] was achieved with 
a Pfeiffer, PM033 759-T turbomolecular pump, pumping at 56 ejs, backed by 
a Pfeiffer DUO 2.5A rotary pump, pumping at 2.5 m3 /s. An all-metal valve 
on the chamber provides access for these roughing pumps, allowing them to be 
removed when the ion pump is active. 
The pressure in the chamber was measured with a Varian UHV ionisation gauge, 
positioned at approximately the same distance from the centre of the chamber 
as the ion pump, with no direct line-of-sight to the centre of the chamber, 
Fig. 3.1. The gauge was mainly used in the initial vacuum formation and 
occasionally as a diagnostic of the pressure. The lifetime of atoms in the optical 
dipole trap, Section 8.3.1, provides a very accurate estimate of the pressure in 
the chamber, Eqn. 3.1 [24, 54]. The gauge typically reads 1.2 x 10~ 10 Torr. 
Initial measurements of our trap of gave a trap lifetime of"" 6 s (1/e). Based 
on empirical results of other groups [54] this confirms a pressure on the order 
of 10-10 Torr. 
During a vacuum break in 2003, a titanium sublimation pump was added to the 
setup, positioned between the ion pump and the main vacuum chamber. It was 
found that this pump in fact increased the absolute pressure in the chamber, 
most probably due to contaminants. The addition of the titanium sublimation 
pump also moved the ion-pump further from the centre of the chamber, de-
creasing the effective pumping speed. This is due to the conductivity of a tube 
being inversely proportional to its length. The pump was removed during a 
later vacuum break. 
3.3 Optical Access 
For optical access at 780 nm BK7 viewports were used. These are available 
·"'off~the-shelf' from Caburn. As thesecar~ a stancla;d vacuum component they 
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can be obtained at high quality and not very high cost. The BK7 viewports 
were anti-reflection coated for 780 nm by CVI Optics to give a transmission 
coefficient of > 99.9%. BK7 glass, however is poor at transmitting radiation 
at 10.6 f..Lm. To this end zinc selenide (ZnSe) is used as it has transmits well 
throughout the infrared. Commercial viewports with ZnSe are not so readily 
available and those that are of high cost with little option of optical quality. 
Based on these considerations we took a suggestion from David DeMille for a 
method of creating our own viewports, as described in the next section. 
3.4 Reusable UHV Viewports 
A number of groups have published designs for creating viewports, which could 
be used with any optical substrate. Man-made materials, such as Viton, elas-
tomer 0 rings and Vacseal resin have been used to create seals [55, 56]. These 
suffer the draw back of only allowing low bakeout temperatures and limit the 
attainable pressure due to outgassing. 
A soft metal would have the advantage of forming a good seal between a window 
and a vacuum chamber. Indium provides such a seal [57] but has the drawback 
of having a melting point of 157 oc, making it difficult to achieve UHV. A harder 
metal, such as copper, can also be used by forming a knife--edge in the metal 
[58]. However this technique requires a large pressure to be applied to create the 
seal which risks damaging the optical material. A compromise between these 
metals would be lead, which has a Young's modulus of approximately 18 GPA, 
similar to that of indium, 10 GPa. Lead has the advantage of a relatively high 
melting point of 327 oc and has been used to create seals with a low outgassing 
rate [59]. However, lead quickly forms a porus oxide layer which can absorb 
water and other outgassing contaminants. 
Our design works on using a solder-seal with a modified rotatable vacuum blank 
[60]. Schematics of the seal are shown in Fig. 3.3 below. A seal is formed between 
an outer clamping flange, a solder cushion ring, the ZnSe window, a solder ring 
and the modified blank. The solder used is a flux-free solder, Indalloy 165, 
of diameter 0. 76 mm commercially available from Indium Corp. The alloy is 
••• • =·-•• • ~ • -~ • • • •• - ---,"' O> •• • 7 
composed of 97.5% Pb, 1.5% Ag, and 1% Sn. The key details of the solder are 
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Figure 3.3: Schematic of the window design. (Top) From above and showing 
cross sections. (Middle and Bottom) Different cross-sections through the view-
port, indicated by (a) and (b). The viewport consists of: (1) clamping flange, 
(2) window, (3) preflattened solder seal/cushion, ( 4) OFHC copper gasket, (5) 
modified Conflat blank flange, (6) socket- head screw, and (7) Belleville disk 
spring washers. 
its high melting point, 309 ac, which allows for baking of the vacuum chamber 
to high temperatures, its Young's modulus which allows a good seal to form 
and the absence of outgassing materials in the solder itself. The solder used 
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does not appear to form an oxide layer and remains shiny indefinitely when cut. 
The solder is harder than either lead or indium but is still soft enough to form 
a seal. 
The clamping flange was created in house from stainless steel. We have found 
that the main concern with this flange was to have the inner diameter of the 
lip at least 2 mm smaller than that of the cushioning ring, to prevent the 
cushioning ring coming out during baking. The flange has 12 holes cut into it; 
6 with clearance for the threads of M6 bolts to couple the clamping and vacuum 
flanges , and 6 with clearance completely through for M6 socket- head bolts to 
connect the window to the vacuum chamber. 
A circular solder seal was formed around a former and the end joined with a 
soldering iron. A good seal is a perfect torus with a constant radius of the 
ring. The roundness and evenness of the seal are very important and take some 
practice to create. Protuberances must be removed with a file . The seal was 
squashed to a thickness of"" 0.2 mm with a compression jig to maximise surface 
contact between the seal and surfaces. Two of these seals were formed for each 
window; one to provide the vacuum seal between the vacuum flange and the 
ZnSe and the other ring acts as a cushioning seal to prevent an uneven load 
on the window causing cracking of the window. The viewport was constructed 
from the flange, window and solder rings, as shown in Fig. 3.3 and clamped to 
the chamber with M6 bolts. 
Figure 3.4: Photo of viewports before being attached to chamber. 
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3.5 Assembly of the Vacuum Chamber 
The ultimate pressure attainable in a vacuum chamber depends on the flux of 
gasses into the chamber and the pumping rate. In a stainless steel vacuum 
chamber, such as ours, essentially no gasses, except small amounts of helium 
and hydrogen, can leak into the chamber. The main source of contaminating 
gas is from out-gassing from chamber walls. To achieve a vacuum of 10-10 Torr 
great care must be taken to ensure that the vacuum components are clean. 
Prior to assembly the vacuum parts were cleaned in the following way: 
1. Parts were placed in a ultrasonic bath of Decon solution (a vacuum com-
patible detergent) for 5 hours. 
2. Each part rinsed in and then soaked over night in distilled water. 
3. Parts were placed in an ultrasonic bath of spectroscopic grade methanol 
for 2 hours. 
4. Parts were placed in ultrasonic bath of distilled water for 5 hours. 
5. Parts were dried with a hot air gun. 
6. Parts were wrapped in layers of clean aluminium foil until use. 
The vacuum components were assembled to the design described above, Fig. 3.1. 
Seals between components were made with Confiat knife-edges and annealed 
OFHC (oxygen-free, high conductivity) copper gaskets. Imperial sized, silver 
platted bolts were used on the Kimball ring and M6 nuts and bolts elsewhere. 
Silver plated bolts have good resistance to seizing and were used on the blind, 
tapped holes. 
3.6 The Oven and Baking of the Chamber 
The out-gassing of impurities from the interior surface of the chamber and 
within the metal itself greatly increases at increased temperature. To assist in 
bakin'g of o'ur vacuum chamber an oven was constructed. The design goals of the 
oven were that it have sufficient volume for the baking of a variety of vacuum 
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chamber, that it allow the baking to 250 oc, that it be well insulated to prevent 
heating the lab and to minimise energy used, and that it have external access for 
the backing pumps, the ion gauge cable, the ion pump cable and thermocouples. 
The oven would also be a permanent fixture. Previously within the group, 
vacuum chambers had been baked with heat tape which has the disadvantages 
of uneven heating across chamber leading to cold spots and difficult to insulate 
surrounding bench and optical components. 
In our design, good insulation was achieved by using a multi layer design. The 
inner layer of the oven was formed from sheets of Alanod [61], which is a highly 
reflective metal sheeting. This formed a case with the front being removable 
for access. The outer insulating surface was made from Monolux [62], which is 
a rigid insulator similar to asbestos but without the health risks. The Monolux 
also covered on all sides with a front door for access and was painted with sodium 
silicate solution [63] as a sealant, as the material can be dusty. Between the 
Alanod and Monolux were many layers of aluminium foil with airgaps between. 
A frame for the whole system was made in house. Access for pumps and cables 
is provided through two holes in the base of the oven. 
The heating power was provided by 5 heating elements within the oven -
4 x 400 W ceramic elements (RS part number 196-6462) and 1 x 1 kW heat-
ing element (RS part number 200-1229). The heating was controlled by a 
Chino DB 1000 Temperature Controller which, when used with a thermocouple, 
gives easily controllable heating. 
The chamber was placed in the oven and attached to the roughing pumps and 
a RGA. The chamber was covered in many layers of aluminium foil to allow for 
even heating of the chamber. Using a turbo-pump backed by a rotary-pump, 
Section 3.2, the pressure within the chamber was brought down to less than 
10-6 Torr. The oven was sealed up and the temperature was brought up to 
200 oc at a rate of 1 °C/minute. The backing pumps and external vacuum 
pipes were heated to 160 oc with heating jackets to ensure that this section 
of the whole system also did not outgas into the chamber. Thermocouples 
positioned on the chamber, underneath the foil layers, measured the chamber 
temperature and was fed back to the temperature controller to allow the cham-
her to be maintained at a constant temperature: During baking the vacuum was 
monitored by recording the pressure at the ion gauge and also by taking mass 
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spectra with the RGA. The presence of contaminants; water, nitrogen, oxygen, 
hydrogen, carbon dioxide and carbon monoxide were continually measured in 
this way, giving a precise measure of the outgassing within the chamber. The 
chamber was baked for 2 weeks at 200 ac, when the pressure measured to be 
rv w-7 Torr. The oven temperature was reduced to room temperature over 
the course of a day when a final pressure of 4 x 10-10 Torr was measured. The 
chamber was then valved off from the turbo pump. Over a period of a few 
months the pressure reduced to its final level of 1.2 X w- 10 Torr, pumping with 
the ion pump alone. 
Over its lifetime the vacuum chamber has undergone at least 3 vacuum breaks. 
3.6.1 Effect of Baking on Homemade Viewports 
During the baking of the vacuum system the solder would soften causing gaps in 
the vacuum seal. To maintain constant pressure on the solder seal two Belleville 
conical disc springs were used with each of the M6 clamping bolts. These bolts 
were tightened with a torque wrench to 2.3 Nm when forming the window. It 
was found after baking that the ultimate pressure achieved was 1.1 x 10-9 Torr. 
Also, the torque on each bolt had decreased due to the softening and spreading 
of the solder during baking. This caused small leaks to form however these 
were small and easily remedied by increasing the torque on each bolt to 2.5 Nm 
and re--baking the chamber. During the cool down cycle a torque of 2.5 Nm 
was reapplied at about 70 °C. Evidence of the leaks and the effectiveness of 
the tightening can be seen in Fig. 3.5. A helium leak check around the seals 
revealed no change in the helium partial pressure within the chamber at the 
level of 10-14 Torr, the limit of the Stanford Instruments, residual gas analyser 
(RGA). The windows have been re-baked many times with no further leaks, 
even up to 275 oc. 
3. 7 Magnetic Shielding 
In this experiment we employed two different methods to keep the experimental 
region free from external magnetic fields. 
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Figure 3.5: Cooling curves for the vacuum chamber, after baking at 180 oc 
for 16 hours. (a) With each socket-head screw on clamping flange tightened to 
2.3 Nm and (b) with each socket-head screw on clamping flange retightened to 
2.5 Nm. 
3. 7.1 Earth's Magnetic Field 
It has been shown that a square Helmholtz coil produces a uniform magnetic 
field over a greater volume than a comparable circular coil [64, 65]. Also, square 
coils are more convenient to mount around an experiment. 
To counteract the Earth's magnetic field a cubic frame, of side 0.55 m, was built 
about the experiment. Mounted to this were 3 pairs of coils in Helmholtz-type 
arrangements in the North-South, East-West and Up-Down directions. The 
current to each set of coils was controlled independently. This setup allowed 
for the independent application of B-fields of magnitude up to 0.6 G in three 
orthogonal directions, with a resolution of better than 0.01 G estimated from 
theresolution of the current supplies used. 
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3. 7.2 Stray Field from Ion Pump 
The ion pump used in the experiment has a large magnet attached to it which 
creates a large B-field gradient across the region of the MOT. This gradient will 
obviously affect the MOT performance due to an asymmetry in the magnetic 
field and trapping forces across the MOT. It is also necessary to have a zero 
B-field for good optical molasses. It is not trivial to compensate for B-field 
gradients with electromagnetic coils and would create gradients in the other 
directions. 
To remove this problem a shield of Mu-metal was designed to enclose the ion 
pump. Mu-metal is a nickel-iron alloy (77% nickel, 15% iron, plus copper and 
molybdenum) of high magnetic permeability which strongly attracts magnetic 
fields in the region around. In this way it prevents fields passing through, 
thereby trapping the field of the ion pump within the shield. Three holes in 
the shield had to be allowed for to connect to the experiment, to allow electric 
access and for mounting. The size of these holes were all minimised. The shield 
reduced the magnetic field gradient across the chamber due to the ion pump 
magnet from 0.6 Gjcm, with a field of~ 3 Gat the MOT region, down to less 
than 0.03 Gjcm, with a field of~ 0.1 G at the MOT. Fields of this level can 
be compensated with the magnetic-field cancelling coils. 
Chapter 4 
Laser Cooling of Alkali Atoms 
Laser cooling [4] has become a very important tool of atomic physics research, 
a fact that was recognised by the awarding of the Nobel prize in 1997 for its 
discovery and advancement [1, 2, 3]. The techniques of optical molasses and 
magneto-optical trapping have allowed ultra-cold temperatures of j.tKs to be 
reached with arguably much greater ease than the cryogenic methods used by 
the hydrogen community and other fields. It has opened the way for almost 
routine production of quantum degenerate gasses [10, 11, 12, 66]. The fields 
of atomic spectroscopy and atom clocks have surged ahead due to hugely re-
duced Doppler shifts and very long interaction times [9]. Laser cooling also 
allows excellent access to the cold atomic sample for further manipulation or 
interrogation [48]. 
In this chapter the theoretical principles and experimental implementation of 
laser cooling will be briefly examined. The experimental methods to obtain 
clouds of> 107 Rb atoms at 20 j.tK in 3 s will be discussed as will the effect of 
different operating parameters on the loading of the MOT from a background 
vapour of thermal atoms. 
Two of the Nobel lectures from 1997 begin with "in 1978" [1, 3]. Since the 
experimental field is then as old as I am (also, laser cooling of ions was first 
demonstrated in 1978 [67, 68]) only a brief discussion will be taken. 
34 
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4.1 General Introduction 
In order to localize an object to a point a position-dependent force is required, 
for example, F x ex -x. Similarly, to reduce the velocity spread of a group 
of atoms - i.e., to trap them in momentum space - a velocity dependent force 
is needed; F v ex -v. In laser cooling these forces arise from the interaction 
Figure 4.1: An example of a position dependent force. 
of an atomic ensemble with near resonant laser light. The laser linewidth is 
typically stabilised to less than that of the linewidth of the atomic transition, 
r = (27r)6 MHz. The laser detunings are typically < 3f, considerable less the 
hyperfine splittings of the excited atomic states, which are typically on the order 
of 100 MHz. The atomic system can then be well approximated by a two level 
system. 
Each absorption of a photon results in the atom acqumng a recoil velocity 
of Vrecoil = nkl M (M = mass of atom) over the time of the transition to an 
excited atomic state. The atom decays back to the ground state by spontaneous 
emission of a photon of energy nk0 , where k0 is the wave number corresponding 
to a resonant photon, in a random direction. The time averaged impulse on an 
atom due to many such spontaneous emissions is zero. The force on an atom 
due to a single laser beam is then given by the product of the photon momentum 
and the rate of photon absorption, 
F - nk . .!.: I I Isat 
scatt - 2 1 +I I Isat + (26.lf)2 ' (4.1) 
where I is the total intensity of light at the atom, Isat is the saturation intensity, 
r = 117 is the linewidth of the excited state, 7 is the lifetime of the excited 
state and 6. = w - w0 where w0 is the resonant frequency of the EM transition 
between the two atomic levels. 
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4.1.1 Doppler Cooling 
Doppler cooling, as proposed in 1975 [69], provides frictional cooling for atoms, 
i.e. a velocity dependent force. Doppler cooling makes use of the atomic veloc-
ity distributions and the narrow linewidths and frequency tuning available with 
lasers. It can be assumed that if the force does go as F ex -v then it should be 
possible to reduce the velocity of atoms down to zero. However, the stochastic 
nature of the cooling mechanism means that atoms undergo a random walk, 
which acts as heating. The threshold of Doppler cooling comes about by bal-
ancing of the cooling and heating through the spontaneous emissions, which 
gives the limiting Doppler temperature of [4, 70], 
n,r 
TD = 2ks · (4.2) 
For the D2 line in 85Rb and 87Rb, TD = 145 p,K, and is the same order of 
magnitude for the other alkalis [4, 71]. 
4.1.2 Sub-Doppler Cooling 
Soon after the observation of temperatures close to the Doppler limit [14] tem-
peratures six times lower than TD were observed in Na [72]. It was after this 
experimental observation that it was realised that the multi-level nature of 
atoms could allow cooling to much lower levels [73, 7 4]. Spatial variations in 
the polarisations of the combined laser fields cause spatially varying light-shifts 
of the magnetic sub-levels. The additional frictional force due to the presence 
of the wells, along with spontaneous emission mean it is possible to cool within 
these wells, a mechanism that was called Sisyphus cooling [73]. The theories 
predicted that the minimum attainable temperature is limited by the depth of 
the potential wells caused by these light-shifts, 
Tmin ex 
ex 
where 0 is the Rabi frequency and 
n2 
~ 
I 
~' 
(4.3) 
(4.4) 
(4.5) 
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Again, following from Eqn. 4.4 we could presume that for I ~ 0 or ~ ~ oo 
then Tmin ~ 0. This presumption fails when the energy gained from a photon 
recoil is equivalent to the depth of the spatial potentials. A further reason is 
that in the 11K regime the atomic de Broglie wavelength, 
h 
~ -:y'~2 M~k=B ~T ' (4.6) 
becomes comparable to the wavelength of the cooling light and the extent of 
the potentials. It then is not possible to localise the atomic wavepacket to the 
potential wells. This new minimum temperature, the recoil limit is, 
n2k2 
kBTrecoiJ= M 
= 2nwo 
= 2 Erecoil · (4.7) 
The experimentally realised minimum temperatures are approximately 10 Trecoil· 
4.1.3 Magneto-Optical Traps 
Optical molasses [75) provide cooling in momentum space but do not provide the 
position dependent force to spatially trap atoms. Such a tool is the magneto-
optical trap (MOT), suggested by Dalibard and experimentally realised by Raab 
et al. in 1987 [76). The essential operation is most clearly seen in a 1D scheme 
which can be extended to 3D. Here we consider transitions F = 0 ~ F' = 1, 
but the technique is applicable to any transitions of the form F ~ F' = F + 1. 
A linear magnetic field with a zero at z = 0 creates the energy level shifts shown 
in Fig. 4.2. We take the B-field as the quantisation axis, allowing this axis to 
change direction about z = 0. The Zeeman shift of a transition energy is 
/1BIBI ~z = (gF'mF' - gpmp) h (4.8) 
11'IBI 
h 
wlii:iie g F, c m F are the Lande g-factor and magnetic quant urn number, 118 is the 
Bohr magneton and 11' has absorbed the magnetic factors. 
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Figure 4.2: A 1D model for the operation of a MOT on a F = 0 ---+ F = 1 
transition. 
We now introduce a pair of counter-propagating, red-detuned laser beams. 
Both lasers are right-hand circularly polarized. A laser directed towards z = 0, 
i.e., against the quantisation axis, drives a- transitions, mF ---+ mF' = mF - 1 
in the atoms. A laser in the direction pointing away from z = 0, i.e., with the 
quantisation axis, excites a+ transitions, mF---+ mF' = mF + 1. Because of the 
Zeeman shift the mF = -1 level is always closest to resonance for the B-fields 
we use. The 'inward' propagating beam, exciting a- transitions, is scattered 
more than the a+ beam and the atom is always being pushed towards z = 0. 
From this model, it should be clear that each individual laser beam is both a-
and a+. 
Raab et al. show that the force in the MOT is given by [15] 
Fscatt = -a V - K, Z , (4.9) 
which provides the desired Posi~ion and velocity dependent forces. The fre-
quency for such a trap is ..;;:TiJ, whereas the dampening rate is a/ A1. The 
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capture range for the MOT is limited by the requirement that ~z < ~. 
The MOT can be extending into 3D using a laser arrangement of three, orthog-
onal sets of counter-propagating beams and a quadrupole field generated by a 
pair of coils running in an anti-Helmholtz type configuration. 
4.2 Loading of a Magneto-Optical Trap 
The cliche of low temperature AMO physics must be "the MOT is the workhorse 
of atomic physics". Like Boxer in Animal Farm [77] the MOT, when setup, 
works in almost all conditions and tolerates many of the errors of the exper-
imentalist/farmer/pigs. To optimise the loading rate and number of atoms 
trapped the alignment, polarisations and intensities of the laser beams, the 
magnetic field gradient and the Rb vapour pressure must be set exactly, but 
the MOT still works if any, or all of these is slightly wrong. However, in this 
section the correct operation of the MOT will be discussed. 
4.2.1 Experimental Setup 
To create a MOT a good vacuum (Chapter 3), stabilised lasers (Chapter 2) and 
a source of the element to be trapped (Section 4.3) are required. 
The laser setup, prior to the experimental chamber is shown in Fig. 4.3. The 
output beam from the trap laser has e-2 radii of 0. 7 mm vertically and 1.4 mm 
horizontally. The beam is passed through an expanding anamorphic prism 
pair to give a beam which is has a circular cross section (±5%). The beam is 
passed through an optical isolator to prevent undesired optical feedback into 
the laser. A reference beam is split off from the trap laser on a polarising beam 
splitter (PBS). This low power beam, typically 1 mW, is double passed through 
a 80 MHz acusto-optic modulator (AOM) before being used for polarisation 
spectroscopy, as described in Section 2.4. This means that the laser light output 
from the laser is -160 MHz detuned from the lock frequency. The main beam is 
then double passed through another AOM, the frequency of which can be varied 
between 55 MHz to 100 MHz. This AOM thus allows changing of the cooling 
laser beam frequency between -50 MHz and +40 MHz of the lock point. 
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Figure 4.3: Setup of the trapping/cooling laser and the repumping laser. 
The hyperfine repumping laser has a more simple setup than the trapping laser. 
The beam is similarly conditioned by passing through an anamorphic prism pair 
and optical isolator. Approximately 1 m W of power is picked off by a thick glass 
slide to provide two beams - pump and probe - for polarisation spectroscopy. 
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Due to the form of the polarisation spectroscopy spectrum the repumper is 
locked to the F = 2 ~ F' = 1; 2 crossover. The main beam is sent single-pass 
through an AOM to shift the frequency by the 78.1 MHz required to have the 
laser resonant with the F = 2 ~ F' = 3 transition. This AOM also allows 
fast switching of the laser power. A shutter was added after the AOM as up to 
600 J-LW was found to 'leak' into the first order beam when the driver was set 
to zero. The increased extinction of the repumper allows for increased loading 
of the optical dipole trap and reduced trap loss [78]. 
The cooling and repumper lasers were combined on a PBS. The beams were 
then expanded with a 5:1 telescope. Using a setup of A./2 waveplates and PBSs 
(Fig. 4.3) three beams with equal intensities of cooling light were obtained. 
Due to the orthogonal polarisations of the cooling and repumping lasers un-
equal amounts of repumper pumper went into each beam. This effect was due 
to combining the beams on a PBS but was not expected to affect the MOT 
operation. 
The MOT is formed from three orthogonal laser beams, which are retro-
reflected. The cooling beams were measured to have a radius of 7.5 mm (1/e2 ) 
before the chamber and a peak intensity of 9 (±0.2) mW cm-2 • Two of the 
beams are in a vertical plane, each at 45° to the vertical, and one in the hor-
izontal plane. Prior to entering the chamber each beam is passed through a 
A./ 4 plate to create the circular polarisation required of the cooling beams. On 
exiting the chamber the beams are passed through another A./4 waveplate and 
then retro-reflected along the beam path to create the light field configuration 
described in the previous section. For alignment purposes a variable aperture is 
centred on each beam before the chamber. Using small beams allows for precise 
alignment of the beams on the magnetic field zero. The retro-reflected beams 
were aligned by aligning the returning beam on the back of the aperture. 
Acousto-Optic Modulators (AOMS) 
Three AOMs were used in the experimental setup. These are used to provide 
frequency shifts of the laser beams and also to control the laser power to the 
ex:reriment in the cooling and repumping lasers. Concerns were raised by others 
within the Durham AtMol group about the stability of the Isle Optics (TM) 
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Figure 4.4: Setup of the MOT lasers and magnetic coils. The direction of the 
currents in the coils and the handedness of the polarisation of the beams are 
indicated. 
AOMs and drivers. However, the power to the experiment was measured to be 
constant to better than 1% and was not observed to require time to stabilise, 
apart from rise/fall time, after switching from on to off, or vice versa. The 
frequency shift of the laser was more difficult to measure but the frequency from 
the driver was monitored over 30 minutes after a frequency shift of 10 MHz, 
which is typical of the shifts that are used during an experiment. The shifts 
are measured with a frequency counter and hence could not be measured on 
timescales shorter than required to take a reading. The results, shown in Fig. 4.5 
show that there is a drift in the frequency over a time scale of 10 minutes, but on 
a scale of only 10 kHz which is much smaller than the estimated laser linewidth 
of 1 MHz and thus insignificant. 
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Figure 4.5: Frequency output of the AOM driver measured over 30 minutes 
after a frequency shift of 10 MHz. The errors indicated are reading errors. 
4.3 Atomic Source - Rb Dispensers 
The source of Rb in the experiments are two SAES getter-dispensers, located in 
the chamber as shown in Fig. 4.6. The active region of the dispenser is 1.2 em 
long and contains a compound of rubidium chromate along with a reducing 
agent, see Fig. 4.7. Rb is released in a chemical reaction when the dispensers 
are heated to the threshold reaction temperature of a few hundred °C. The 
exact threshold temperature of this reaction hasn't been found in the literature 
or from SAES themselves, but has been estimated as rv 500 °C. This heating is 
usually provided by passing a current to Ohmically heat the dispensers. The 
dispensers are mounted on a Macor base to thermally and electrically isolate 
from the vacuum chamber. They are connected in series and connected to 
the 'outside' through 10 A vacuum feed-throughs. Kapton-coated copper wire 
provides all connections within the vacuum chamber. 
When first installed the dispensers must be run in. Existing literature [79, 80] 
prescribes slowly increasing the current to heat the dispensers and evaporate off 
contaminants while ensuring the pressure within the chamber does not increase 
by more than an order of magnitude. We performed this procedure while baking 
our chamber, see Section 3.5. The pressure and composition of gasses in the 
d1aii1ber were carefully monitored with an ion-gauge and residual gas analyser 
Chapter 4. Laser Cooling of Alkali Atoms 44 
Figure 4.6: Photograph showing the position of the dispensers in the vacuum 
system. The dispensers are the silver strips in the lower left of the large view-
port. The wires over the dispensers are to prevent a direct line of light from 
the thermal source to the MOT. 
(RGA) as the current was increased up to 4.5 A. The pressure was not allowed 
to rise above "' 10-6 Torr. The process took almost 24 hours. 
During typically operation of experiments the dispensers were turned on at 
2.5 A first thing in the morning. Over 30 minutes the steady- state number of 
atoms captured in the MOT increased to a final value of 5 x 107. The current 
was then reduced to 2.3 A. The steady- state number captured in a MOT was 
not observed to decrease. The current to the dispensers was turned off at the 
end of each day. The ion gauge registered an increase of "' 0. 2 x 10 -lO Torr, from 
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Figure 4. 7: Left) schematic of the SAES dispensers used in the experiment. The 
metal case, contacts and sealing bar are made from stainless steel. Right) cross 
section through a dispenser, showing the active material, which is a mixture of 
rubidium chromate with a reducing agent. 
1.2 x 10-10 Torr, when the dispensers were initially turned on, but recovered 
within a minute. 
Whenever there was a vacuum break we installed new dispensers, in the hope 
that the chamber would never have to be opened again. After these vacuum 
breaks running in was performed more quickly by increasing the current in steps 
of approximately 0.2 A and then allowing the pressure to recover. This proce-
dure took about 4 hours. There was no observable difference in the dispenser 
operation after using this method. 
4.4 MOT Magnetic Field Coils 
To provide a magnetic field with a zero in the centre and a linear gradient 
through the central region two coils were arranged in an anti-Helmholtz type 
configuration. These MOT coils were formed from hollow wire with an external 
square cross section of length 4. 25 mm and a circular inner cross section of 
diameter 2.25 mm. The large Ohmic cross-section lowers the resistance of the 
coil, while the large surface area of the bore allows for cooling of the coils. 
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Cooling is provided by water, chilled to 14 oc, pumped through the inner bore 
of the coils. To protect against failure of water supply leading to the coils over-
heating a flow switch is positioned after the MOT coils. Tripping of this switch, 
due to the flow rate of the cooling water going below a set value, shuts off current 
to the MOT coils. The coils were wound on a mount made of Perspex made to 
fit over the large windows on the vacuum chamber, Fig. 3.1. The coils were of 
inner radius 75 mm, had 7 turns and were separated by 78 mm. The gradient of 
the B-field through the centre was measured to be 0.0816 ± 0.002 G cm-1 A - 1. 
The current to the coils is supplied by a Hewlett Packard 6671A power supply 
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Figure 4.8: B-field along the axis between the MOT magnetic coils for a current 
of 150 A. The gradient in the centre of the coil is 12.33± 0.22 G cm-1 . The 
thick line is an aid to show that this linear region is rv 2 em on either side of 
the centre. 
capable of providing 150 A, giving a maximum B-field gradient of 12.25 G/cm. 
A plot of magnetic field along the axis of the coils is shown in Fig. 4.8. Switching 
of the current is with a bank of three MOSFETs in parallel with gates link~d. 
The MOSFETs are used as a digital switch. The drain of the MOSFET bank 
was connected to the power supply and the source to the MOT coils, see Fig. 4.9. 
A-Schottky diode (International Rectifier 203CNQ100R) was placed across the 
MOT coils to prevent oscillations in the MOT coil current during switching. 
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Figure 4.9: The MOT coil electronic setup. The resistor on the MOSFET gate 
ensures the gate draws a current to fully open. The diode across the MOT 
coils prevents voltage spikes during switching of the inductive load which could 
damage the MOSFET. 
Without a diode the coils can be switched off completely in a timescale of 
100 J.-lS but the current direction changes sign a number of times. The diode 
slows the switching time down to 2 ms (from constant current to 0 A) but 
provides a smooth, almost exponential decay of the current in the coils, as 
shown in Fig. 4.10. 
4.5 Loading Rates into the MOT 
The number of atoms trapped in a MOT is a balance between the rate at which 
atoms are captured R and the loss rate from the trap. The number of trapped 
atoms over time is given by Monroe et al. as [81], 
(4.10) 
where Ns is the steady state number of atoms and 1/T is the loss rate due to 
background collisions and is assumed to be independent of N. 
In the experiment the partial pressure of the thermal vapour of Rb atoms is 
determined by the current through the dispensers. Fig. 4.11 shows the variation 
in the fnliTlber of atoms in the MOT with titrte for increasing dispenser current. 
We see that the trapped atom number is negligible up to a threshold current 
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Figure 4.10: Effect of a diode across the MOT coils during switching off of the 
current. Without the diode (bottom line), the current switches off completely 
in 200 JlS, but shows transient oscillations that could cause heating of trapped 
atoms or could damage the MOSFET switches. With the diode (upper line) 
the switch off takes 2 ms, but with a much smother turn off. 
of approximately 3 A. The steady state atom number and loading rate then 
increase rapidly up to a dispenser current of rv 4.25 A when the steady state 
number begins to saturate. At the highest currents, corresponding to the highest 
background pressure of Rb, the steady state atom number peaks due to the 
increased trap losses from collisions with hot thermal atoms. The loading rate 
of atoms is shown explicitly in Fig. 4.12. 
4. 6 Optical Molasses 
To achieve good molasses cooling the intensities of the laser beams need to be 
balanced and the magnetic field in the molasses region has to be reduced to zero. 
The intensities of the molasses beams were measured before the chamber and 
were matched to better than 5%. The Earth's B-field cancelling coils allowed 
bias fields of up to 0.6 G to be applied in orthogonal directions with a resolution 
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Figure 4.11: The variation of atom number in the MOT with time for varying 
heating currents through the dispensers. For larger currents the steady atom 
number reaches a maximum and then begins to decrease at the highest currents 
as a result of increased losses due to the increased background pressure. 
of 5 mG. The cancelling coils were optimised by reducing the B- field gradient 
of the MOT coils and adjusting the cancelling coils until the MOT position was 
observed to not move with varying MOT B-field gradient . This indicates that 
the MOT centre corresponds to a B- field zero. In practice the individual fields 
were adjusted until the cold atom cloud showed slow, isotropic expansion when 
the MOT magnetic fields were suddenly switched off while leaving the lasers 
fields on. 
It was found that a molasses duration of~ 10 ms was required to achieve the 
lowest temperatures in the optical molasses. For shorter and longer durations, 
the shot- to-shot temperature was found to vary up up to ±10%, Fig. 4.13. 
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Figure 4.12: Loading time, T (Eqn. 4.10) of the MOT as a function of dispenser 
current. 
4. 7 MOT Diagnostics 
4. 7.1 Atom Number 
A knowledge of the number of atoms trapped is desired. Also, the fill rate of 
the MOT is a good diagnostic of the MOT operation and optimisation. Both 
these properties, can be measured by monitoring the scattered fluorescence 
from the MOT region over time with a sensitive photodiode. The total power 
measured at the photodiode will be give by the product of the energy per 
scattered photon, the solid angle over which photons are measured, the number 
of photons measured and the rate photons are scattered, 
he n 
P.d=-·-·N·f p >. 47f sc • 
The fractional solid angle can be approximated by 
n rrr2 
-~--
4rr 4 rr R 2 ' 
(4.11) 
( 4.12) 
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Figure 4.13: Variation of temperature with molasses duration. Data were taken 
for 107 atoms at a molasses detuning of .6. = -5 r and single beam intensities 
of 4 mW lcm2 . Note that the temperature before molasses was measured as 
190 j.tK. 
where r is the radius of the lens collecting the scattered light and R is the 
distance from the MOT to the lens. By using a large area lens close to the 
MOT and focussing the collected light on the photodiode the percentage of 
scattered light collected will be greatly increased. The scattering rate can be 
calculated from 
r -!.: I I Isat 
sc - 2 1 +I I Isat + (2f I .6.)2 ( 4.13) 
In this equation it is unwise to use the value of Isat = 1.6 m WI cm2 , the satu-
ration intensity for the closed mF = 3 ---t m~ = 4 transition. During imagining 
all polarisations will be excited and Isat will be larger for all transitions other 
than the closed transition. The guide, BEG For Everyone [66] suggests using a 
value of Isat = 4.1 mWicm2 • 
In -the experiment a f = 10 em lens, with an open aperture of 4.8 em, 20 em 
from the MOT was used to collect light scattered by the cold atoms. For 
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switch 2 
photodiode 
Figure 4.14: Photodiode circuit used to collect scattered fluorescence. Rc = 
1 Mn converts the current signal from the photodiode into a voltage. The two 
switches allow for four levels of gain. 
MOT parameters of 9.2 mW /cm2 per beam at a detuning of -2 r then fsc = 
(27r)l.2 MHz. The power estimated at the photodiode, from Eqn. 4.12, is 6.7 x 
10-15 W /atom. For enhanced signal-to-noise, the photodiode was mounted 
in a light proof box with a narrow band filter which was measured to transmit 
only 65% at 780 nm. The photodiode used, (IPL10050 CW) has a sensitivity of 
0.45 A/W which then corresponds to a signal of 1.9x 10-15 A/atom. Using a two 
stage gain of 106 , Fig. 4.14, we have a measurable signal of 5.3 x w-6 atoms/V. 
To measure larger clouds the gain after the photodiode stage can be reduced 
by x10. 
4. 7.2 Temperature 
Due to the magnetic field gradient of the MOT coils being a factor of two higher 
in one direction the cloud has a pancake shape with a ratio of the widths of 
2:1. Technical issues, such as the laser beams being not perfectly Gaussian and 
noise in the laser frequency and intensity, mean that the cold atom cloud has an 
irregular shape. Arnold et al. indicate that the temperature and density vary 
across a MOT but do indicate that a Gaussian density distribution is valid [82]. 
The temperature of the cloud of atoms was measured using a time-of-flight 
(TOF) technique, as introduced by Lett et al. [75]. The atomic cloud is re-
leased from the trapping fields and the spatial distribution is monitored over 
time. By comparing this distribution to a Maxwell-Boltzmann distribution the 
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Figure 4.15: Set up of the imaging optics. 
temperature can be found [83]. 
camera 
We assume that density of atoms has a Gaussian dependence, 
1 x2 
g(x) = e-~, 
ftiWI 
and similarly for velocity, assuming a Maxwell-Boltzmann distribution 
f(vx) = ~e-2;;-;L 
_ m (x1 -xi)
2 
= e 2kaTxt2 
' 
where we make use of 
X f = Xi + V:c t . 
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(4.14) 
(4.15) 
(4.16) 
The final position distribution is also a Gaussian and can then be found by a 
convolution of Eqns. 4.14 and 4.15. The expansion of the MOT cloud is then 
of the form, 
( 4.17) 
By measuring CJ:c, the Gaussian width of the cloud along the x (or equivalently 
the y or z directions) for different release times, the temperature is 
2 2 T = m (Jxf - (Jxi 
x ks t} - t~ (4.18) 
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Alternately, plotting t2 against a; gives a graph of slope Tx · k8 /m and intercept 
a;(o) from which the temperature is easily extracted. 
Experimentally we observe that the observed time-of-flight data follows the be-
haviour predicted above. We have not used any other methods for temperature 
measurement but as the method described here is the standard method in the 
cold atom community we have some faith in the results. 
4.8 Laser Heating of Dispensers 
In December 2004 electrical continuity across the vacuum feed-throughs was 
found to have been lost; in other words the resistance across the feed-throughs 
went from 0.4 D to open circuit with no warning or sign. No cause could be 
discovered and all connections appeared, to the eye, to be okay. 
It is not important to the emission of aRb vapour how the dispenser is heated, as 
long as the active material is heated above the threshold temperature. The ex-
periment has a 10 W, Lightwave Electronics 220 Nd:YAG laser (,\ = 1.064 1-Lm) 
as part of the setup that was used in the previous generation dipole trapping 
experiments [84]. It was attempted to use this laser to heat the dispensers. 
4.8.1 Coupling of Laser Radiation to Metals 
The theory of coupling energy from a laser beam to a metal has been mainly 
examined for laser cutting applications, where a focussed laser beam moves 
relative to a metal surface and melts the material [85, 86]. The situation looked 
at here is for heating of a metal bar in thermal contact with thin sheets of the 
same metal and also with a complex chemical compound. We will only look 
briefly at the theory as a detailed examination would be time consuming and 
quite possibly fruitless. The question that we wish to answer is whether we can 
heat a piece of stainless steel to > 500°C with less than 10 W of Nd:YAG laser 
power. To do this we need to know about the thermal and optical properties of 
stainless steel and the coupling of laser radiation at 1.064 J-Lm to stainless steel. 
The heat flow problem for a homogenous and isotropic solid is [87] 
Y'2 T _ ~aT = _ A 
/1, at K' ( 4.19) 
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where T is the temperature, A the rate at which heat is supplied per unit time 
per unit volume, K is the thermal conductivity and "'is the thermal diffusivity. 
"'is given by other known quantities as 
K 
/'\,= pC' (4.20) 
with p the material density and C the heat capacity. For a CW Gaussian beam 
of power P focussed to a 1/e2 radius w0 Bass gives a solution for the temperature 
at the laser centre on the surface as [87], 
T() = 4J2aP _1 (8"'t) 112 t K 3/2 tan 2 
7r Wo Wo 
This clearly implies a limiting temperature of 
2J2aP 
Tit-- oo ----+ K 1/2 
7r Wo 
Using the data provided by Bass [87] for stainless steel, 
K 0.26 (W /em ac) 
c 0.6 (J/goC) 
p 8 (g/cm3 ) 
"' 
0.054 ( cm2 /s) 
a = I"'V 0.1 
(4.21) 
(4.22) 
implies, for a power of 2.5 W, a limiting temperature of 440°C. However it also 
implies that this temperature is reached very quickly, on the order of 10 ms. 
However this assumption is for a solid, isotropic amount of stainless steel. The 
dispenser has a thin wall of steel and is then in contact with the chemicals 
within. The thermal conductivity and correspondingly, the thermal diffusivity 
are sure to be lower (no data is available) so it can be postulated that the 
maximum temperature achieved will be higher and the rate of temperature 
increase slower than predicted for solid stainless steel due to the lower values of 
"'and K. 
4.8.2 Laser Induced Emission of Rb from a Dispenser 
The examination above would appear to give lower estimates of the limiting 
temperatures and time taken to achieve these. Even with these considerations 
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we still had no feeling of the result that could be obtained, so we took a con-
servative, systematic approach. The Nd:YAG laser was passed through a )../2 
waveplate and a PBS, in order to control the power. The laser was then fo-
cussed onto the dispenser, through the large viewports, with a f = 10 em lens, 
Fig. 4.16. The peak intensity at the laser focus is given by, 
2P 
Io = --2. 
7rWo 
( 4.23) 
Due to the construction and orientation of the dispensers the Nd:YAG beam 
had to be focussed at an angle through the 6 mm thick viewports. This caused 
significant astigmatism of the beam, with the vertical and horizontal foci being 
separated by 7.8 mm. The minimum spot sizes in each direction were 21 p,m 
vertically and 24 p,m horizontally. The minimum area of the focus, the 'circle of 
least confusion' had a 1/e2 radius of 35 p,m. From Eqn. 4.23 the peak intensity 
at the focus is then, ! 0 = 5.2 x 104 W /cm2 per W of laser power. A CCD 
camera, with a 780 nm filter to block out scattered ).. = 1.064 p,m light, was 
positioned to monitor the position the Nd:YAG laser was focussed to and also 
to estimate the efficiency of the heating due to the thermal glow, Fig. 4.17. The 
fluorescence from the MOT was recorded to monitor the efficiency of the Rb 
emission. It was quickly found that if the laser was focussed with a power of 
t" ................................. ••• 
· ·: Focussed Active · 
Nd:YAG regton 
Dispensing 
beam~. _,__,.t---__,.__ -~=~ dispenser~ 
Figure 4.16: Schematic of focussing of the Nd:YAG beam onto a dispenser. The 
intense laser beam produces a thermal atom source that loads a MOT in the 
centre of the chamber. A magnified view of the dispensers is shown inset. 
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Figure 4.17: CCD images of alkali dispensers without (left) and with (right) 
the heating beam. The beam spot lies on the bar above the active region, see 
Fig. 4.7. 
1 Won the bar that protects the active material within the dispenser then the 
MOT fluorescence was observed to increase. Increasing the laser power to 2 W 
showed a rapid increase in the MOT fluorescence. 
Experiments were conducted to examine the potential of the technique for our 
loading experiments [88]. Loading of the MOT was performed by turning on the 
dispensing laser for 5 sand turning on the MOT at a variable delay relative to 
the end of the heating pulse. Fig. 4.18 shows the collected fluorescence from the 
MOT for delays of a) +10 ms, b) -2.5 sand c) -5.0 s. A dramatic reduction in 
collected fluorescence was observed when the MOT was turned on 10 ms after 
the dispensing laser was extinguished. Based on the signal-to-noise ratio of the 
photodiode signal we would place a conservative upper limit of 100 ms on the 
switch off time of the atom source. 
Increasing the dispensing beam power increased the number of atoms trapped. 
For example, for a pulse time of 2. 7 s, increasing the power from 2 W to 3 W 
increased the number of trapped atoms by a factor of 2.6 to 4.2x107 . Further 
increasing the power to 4 W increased the number of trapped atoms to 7.5 x 107 . 
However, at higher powers the recovery time of the background pressure also 
increased to many seconds, measured by increased loss from the optical dipole 
trap. Increasing the pulse duration results in larger trapped atom numbers, as 
should be expected from Fig. 4.18. The equilibrium trapped atom number, for 
laser powers 2: 2 W was measured as > 109 , limited by the MOT laser beam 
size. This equilibrium number took over 100 s to achieve and the background 
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Figure 4.18: Atomic fluorescence signal from the MOT for different t imes be-
tween turning the dispensing laser off and the MOT field on. In each case 2 W 
of the dispensing laser is pulsed on for 5 s, and turned off at t=O s. The MOT 
B field is on at (a) t=0.01 s, i.e., 10 ms after the dispensing pulse is switched 
off, (b) t=-2.5 s, and (c) t=-5 s, i.e., MOT on at the start of the dispensing 
pulse. Line (a) shows that the switch off time of the Rb flux is on the order of 
10 ms. 
pressure took many minutes to recover. 
The optimum position of the heating laser focus was along the bar which pro-
tects the active region within the dispenser, see Figs. 4.7, 4. 16. The flux of atoms 
varied with the position of the heating beam along the bar. Also, when the dis-
pensing laser was used repeatedly on a single spot, over a period of weeks, the 
number of atoms captured in the MOT began to decrease by 10 - 20%. How-
ever, by moving the focus by ......, 100 J.tffi along the bar the original flux was 
recovered. 
To obtain a measure of the repeatability of light induced dispensing, the MOT 
was loaded on a cycle of fixed loading times. Fig. 4.19 shows the atom number 
as a function of time for pulsing on both the dispensing laser and the MOT 
trapping fields for 4.1 s, followed by 3.5 s of no dispensing or MOT trapping. 
We typically loaded 2.4 x 107 atoms with a standard deviation of 106 . We 
observed that using lower powers (0.5 W) increased the shot- to-shot variation 
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Figure 4.19: Trapped MOT atom number from repeated pulsing of the dispens-
ing laser (2 W for 4 s) and MOT trapping fields. The mean of the peak number 
of atoms loaded is 2.4 x 107 atoms, with a standard deviation of 106 . 
of number of atoms trapped in the MOT. 
It was observed that the switch-off time of the atom source was very rapid, 
though the turn on time could be greater than 1 s. This can be explained 
as follows: when the dispenser is heated by the dispensing-laser beam the 
temperature locally rises until the laser is extinguished, assuming the laser 
is not on long enough to reach a steady state temperature. When the laser 
is extinguished the temperature falls. Fig. 4.20 illustrates the temperature 
variation as a function of time. As the alkali metal vapor emission is a threshold 
phenomenon the turn off time can be considerably faster than the turn on time. 
However, if the laser is switched on again before the local temperature reaches 
"room temperature" then the local temperature will reach the threshold value 
more rapidly than before. In a pulsed sequence the time taken to reach the 
threshold temperature will decrease and the local maximum temperature will 
increase for each pulse. However, these effects saturate to steady state values 
after a few cycles due to the balance between the heating and thermal losses. 
This behaviour is confirmed by our experimental observations, namely when 
the dispensing laser is used in single-shot experiments the time constant to 
reach a threshold atom number is greater than that in pulsed experiments. In 
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Fig. 4.18, the time taken to start dispensing atoms is 1.3 s whereas in a pulsed 
experiment, such as shown in Fig. 4.19, the time taken to start dispensing is 
only 0.2 s. 
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Figure 4.20: Schematic of the temperature vs. time behavior of the active region 
of the dispenser. The figure shows the difference in the 'turn on' and 'turn off' 
times of the alkali metal vapor release for a single pulse of the heating laser. 
The dashed, horizontal line marks the threshold temperature for emission of 
the alkali metal vapor 
A shutter was used along the Nd:YAG beam to switch the emission of the Rb 
vapour. By triggering the shutter closing from the captured MOT fluorescence 
we could stabilise the number of atoms loaded into the MOT. A Schmitt trig-
ger was used, as it provides stable switching from a signal with noise, due to 
hysteresis in the switching [89]. The simple circuit used is shown in Fig. 4.21. 
The triggering voltages are 
(4.24) 
(4.25) 
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where R 1 II R2 II R3 is the parallel resistance of the three resistors. Hysteresis 
occurs in the switching due to the sign difference in Vup and Vdown· In the 
circuit used, Fig. 4.21, Vrer = 5 V. 
photodlode 
signal in 
inverter 
Rl 
Schmitt trigger inverter output 
+5V 
R5 
R6 
voltage out 
Figure 4.21: Circuit diagram of the Schmitt trigger used to trigger the start of 
the experiment from the fluorescence photodiode signal. The first inverter is 
used as the photodiode circuit outputs a negative voltage. The Schmitt trigger 
section also outputs a negative voltage which is also inverted. A circuit without 
inverter stages was attempted but not found to work. The FET is opened when 
the trigger is switched by the photodiode signal. The values of the resistors are; 
R1 = 4. 7 kn R2 = 200 kn, variable, R3 = 200 kn. 
The use of high powered diode lasers was also examined as a cheaper laser 
source. High power laser diodes ( > 1 W) with high quality spatial mode are 
available but cost-per-Watt are more expensive than many Nd:YAG lasers. 
A cheaper option is to use a diode bar laser, though the poor beam quality 
from this type of laser makes it difficult to achieve a small spot size and the 
corresponding high intensity required. We used 2 W diode bar laser (High 
Power Devices HPD1120 2 W bar) and observed aRb flux from the dispensers. 
However, the number of atoms captured, and the capture rate in the MOT were 
an order of magnitude lower than from using 2 W of Nd:YAG power. This was 
attributed to the better quality of the Nd:YAG beam. 
As an aside, while the use of this technique was a discovery born out of des-
peration we have found that the technique was very useful for our experiments 
·· ·· --and has some advantages over existing sources of atoms for laser cooling. The 
main attributes of the laser induced emission are a high atom flux followed by 
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a very fast switch off time. This allows large clouds of atoms to be trapped 
without compromising the background pressure or trap lifetimes. Nearly all 
BEC experiments use a separate chamber or a large Zeeman slower to precool 
the atoms from a background vapour and then transfer to a science chamber for 
experiments. This increases the vacuum and laser requirements of the experi-
ment and adds much complexity. A technique such as laser induced emission 
of atoms could remove the need of a precooling stage. 
4.9 Shutters 
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Figure 4.22: Typical switching characteristics of the shutters used in the exper-
iments. The shutter is positioned at the focus of a telescope, with an estimated 
beam waist of 20 /-lm, and the transmitted power is monitored on a photodiode. 
The trigger pulse is shown in light grey and the transmitted light is shown in 
black. The delays, ~t 1 and ~t2 are constant to better than 50 /-LS. 
Shutters, based on the Singer et al. design [90] were used on the repumping 
laser and also on the Nd:YAG laser used to heat the dispensers. The shutters 
use a- modified speaker coil which has the speaker cone trimmed off, to reduce 
weight. A lightweight 'flag', made from aluminium is moved to block the beam. 
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The coils are powered by a simple FET circuit which can then be triggered from 
LabVIEW. Typical performance of the shutters is shown in Fig. 4.22. 
The shutters compared well with expensive, commercial shutters used in other 
experiments within the group in that they displayed very little jitter when either 
opening or closing. The jitter was on the noise level of the oscilloscope, and 
was estimated at < 50 J.LS. Over the course of a year 2 shutters failed, with no 
sign of wear before ceasing to work completely. Replacing a shutter is a quick 
and easy job and characterising the new shutter merely requires a photodiode 
in the beam. 
Chapter 5 
Experimental Control 
5.1 Introduction 
When all hardware is in place- the vacuum system holds an UHV, the lasers 
are 'locked', aligned and have the correct polarisations, and the dispensers are 
available to provide a rubidium vapour - then the running of the experiment is 
down to millisecond and microsecond switching of lasers, magnetic fields and 
cameras. We use an (at the time) high specification PC (Pentium4, 2.2 GHz 
with 512Mb RAM) with analog and digital input and output boards, controlled 
by Lab VIEW to provide this control. The system described in this section 
provides a high level of accuracy and repeatability. 
5.2 Hardware 
Three National Instruments (NI) cards were used to interface with the experi-
ment. The cards were connected together by NI's proprietary RTSI (real time 
synchronous interface) bus which allows for precise timing between the different 
cards. 
The card used to output all signals to the experiment was a digital card, the 
PCI-DI0-32-HS: 
• PCI ---+ PCI interface bus 
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• DIO ~ Digital Input-Output 
• 32 ~ number of D I 0 lines 
• HS ~ High Speed. 
As suggested by the name, this card provides 32 high speed (20 MHz), digital 
input/output lines. No digital input lines were used on this card. 
An analogue card, the PCI-6713 provided 8 channels for analog control. In 
the course of the experiment only one of these lines was used for accurate 
adjustment of the C02 AOM, to control the C02 laser power during initial 
alignment. However, the analog card was integral to the experiment as the 
clock on the card was used to synchronise the timing of the experiment. This 
clock is capable of 20 MHz resolution allowing the use of timesteps of 50 ns, 
which is much smaller than required in this experiment. The clock used can be 
any multiple of this base clock. The timestep used in the experiments discussed 
in this thesis was 10 p,s. 
The final card was the PCI-1408, used for image acquisition, IMAQ. Initially a 
next-generation card, the PCI-1409 was purchased, but was found after many 
problems to not be capable of interfacing with the CCD camera used. The main 
difference between the two image acquisition cards was that the PCI-1408lacked 
a RTSI interface. However, as the camera and the image acquisition card are 
triggered externally from the digital card this was not required. 
5.3 Software 
To create the digital patterns and write them to the boards a program was 
written in LabVIEW (National Instruments, LabVIEW 7.0). LabVIEW is a 
graphical programming language developed for interfacing a PC or PC cards 
with external hardware. Its interface is based around a user-created front panel 
which is designed to mimic the front panel of a physical control box, with 
switches, toggles and dials, and a back panel which uses self-contained virtual 
instruments (VIs) and 'wires' to manipulate and direct data. LabVIEW is very 
different from any other computer language that had been used previously, but 
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its modular format and its powerful interfacing with hardware mean it is very 
adaptable to different problems. 
When the experiment is started the code writes a time varying pattern for each 
of the digital output lines to the computer memory. One bit is written for each 
line at each of the timesteps defined by the clock. These outputs will be variously 
sent to various devices requiring switching, to trigger the image acquisition card 
or to level boxes to convert the digital voltages to other, pre-defined voltages, 
see Section. 5.4. When the full digital pattern is written to memory it is read 
out to the digital lines and runs independently of the computer for the read out 
stage. One of the digital lines is used to prepare the image acquisition card and 
another to take trigger the image acquisition of the atomic cloud at the end of 
the experimental run. This image is read into an array and analysed by the 
code to extract information about the spatial distribution of the atoms. 
Cooling Frequency ------~----------------~·[1~------ 1 0 -~(MOT) -~(molasses) 
Cooling Intensity 
Repumper Intensity 
MOT Coil Current 
C02 intensity 
~1, i 
MOT i time-of-flight I hold I wait 
molasses imaging MOT 
Figure 5.1: Graph of timing of the experiment (not to scale). The graph shows 
the desired experimental levels which are then controlled by one, or more, digital 
levels using the digital-level boxes (Section. 5.4). 
Chapter 5. Experimental Control 67 
5.4 Digital Level Boxes 
A digital level box was designed and built in house based on a design brought to 
Durham by Simon Cornish. These circuits convert digital signals to other, pre-
defined voltages. A chip (Maxim REF01) provides a + 10 V voltage reference 
with low noise, 10 J.l V p-p. An op-amp inverter then provides a -10 V reference, 
with similar noise characteristics, due to the low noise on the op-amp. A 
potentiometer, referenced to these voltages allow a voltage level to be selected 
with precision limited by the resolution of the potentiometer. A digital switch 
(Maxim DG419) then allows selection between two such voltage levels. By 
combining two, or more, of these devices more levels can be switched between. 
Fig. 5.2 shows a general schematic of the circuit. The level boxes are primarily 
v 
ref 
+lOV 
-10 v 
"signal in 
~ ) 
voltage out 
Figure 5.2: The digital level box circuit. The operation is described in Sec-
tion. 5.4. 
used for switching of AOMs between the various frequencies and laser intensities 
required for MOT, molasses and imaging. 
5.5 Imaging 
Fluorescence imagining was used for detection of the atomic cloud parameters at 
the end of an experiment. The MOT beams were tuned to resonance and were 
pulsed on, with the repumper beams, for an imagining time o t. The scattered 
-photons were collected by a lens and imaged onto a CCD camera. The basic 
configuration is as shown in Fig. 4.15. 
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5.6 The Camera 
Two cameras, both JAI-M50 models, were used in the experimental set-up. 
One camera was mounted directly above the vacuum chamber looking through 
a ZnSe window. ZnSe has a transmission of 65% at 780 nm. The other camera 
was mounted as close to the MOT region as possible, looking at an angle through 
the large viewports shown in Fig. 3.1. 
An advantage of these cameras is that they can be triggered to take an image 
with a maximum jitter of 64 J-lS. As the imaging time is defined by the duration 
of the probe pulse a jitter on this level is very easily accommodated by triggering 
the probe pulse more than 64 J-lS after triggering the camera. A range of shutter 
open times are available on the camera, from 100 J-lS to 20 ms. However, using 
longer shutter times results in having many lost frames when transferring images 
from the camera to the IMAQ card. This effect has been noticed by others 
(Aidan Arnold in Strathclyde). For a camera shutter time of 20 ms, up to 
4 out of every 5 frames are lost, which is clearly not acceptable. The effect 
is greatly lessened by using shorter shutter times. Using a camera shutter of 
2 ms results in better than 90% of the frames being correctly transferred. For a 
camera shutter time of 200 J-lS, approximately 99% of the frames are transferred 
correctly. These were the two shutter speeds used, depending on the imaging 
pulse duration used.· 
When the camera was used in triggered mode with the PCI-1409 IMAQ card, 
images were never captured. Over a period of 7 months a huge number of 
software and hardware fixes, many suggested by JAI and National Instruments, 
were tried until National Instruments admitted the limitations of their card 
and replaced the card for the PCI-1408 card that was originally requested. The 
problem, according to private communication with National Instruments was 
"One of the major differences that can cause a "Can't lock on 
video source" error for the PCI-1409 and not the PCI-1408 is due 
to variations in locking circuitry. For non-standard analog cameras, 
the PCI-1408 and PCI-1409 are designed to lock to these cameras 
in external lock mode. This means the camera's HSYNC, VSYNC, 
- -'." _-_, 
and pixel clock are supplied to the IMAQ board, which allows the 
board to bypass its locking circuitry and acquire the non-standard 
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images using the camera's timing signals instead of generating its 
own. The PCI-1408 could often times acquire from non-standard 
cameras without being in external lock mode because its locking 
circuitry was more flexible, but it didn't cover as wide a range of 
frequencies as the PCI-1409. The PCI-1409 supports standard, dis-
crete locking frequencies that cover a wider range (including VCR), 
but for frequencies that aren't quite standard frequencies, it won't 
lock. Operating in External Lock mode will acquire non-standard 
images for both the PCI-1408 and PCI-1409." 
Using the PCI-1408 IMAQ card removed these problems. 
5.6.1 Calibration of Images 
Spatial Calibration 
69 
A calibration image of a grid was taken to convert the spatial unit of the images 
from pixel sizes to Ji-m. This give an effective pixel size of 22.5(±0.2) 11-m by 
11.2(±0.2) Ji-m. 
Atom Number Calibration 
To convert pixel counts to atom number the MOT was loaded with 107 atoms, as 
determined by the fluorescence captured on a photodiode. The MOT trapping 
fields were turned off and after a short delay a CCD image was taken of the 
cloud. The total pixel count of the image was summed. From the ratio of the 
atom number to integrated pixel number a value of 4 atoms per count, for a 
50 Jl-S imaging time, was evaluated. To ensure that the whole depth of the atom 
cloud was being observed a delay up to 10 ms was allowed between the release 
of the atomic cloud and imaging. The pixel/ atom ratio remained the same, 
independent of the delay time. 
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5.6.2 Heating During Imaging 
The absorption of resonant light will necessarily heat the cold atoms, and impart 
momentum onto the cloud. The effect of this is to blur the image taken. For 
imaging, the situation is identical as for an optical molasses with zero detuning 
[75]. If during the imaging pulse duration, {J t, an atom scatters N photons then 
the root-mean-square velocity of the atom will change by 
Vrms = J!/; Vrecoil , (5.1) 
due to the isotropic emission of the absorbed photons [91]. This will cause a 
random displacement of 
Vrms 
rrms = J3 bt 
JN 
= - 3- Vrecoil {J t · (5.2) 
In the experiments an imaging time of 100 f..LS was used for the best signal 
to noise ratio. The scattering rate during this imaging for a total intensity of 
I= 55 mW/cm2 is fsc = (7r)5.5 MHz, meaning that N = fscbt = 1700 photons 
are scattered. Using Vrecoil = 5.97 mm/s for Rb, this results in rrms = 8.1 J-Lm. 
The effect of this position spread is to blur the image. However this blurring 
is less than the pixel resolution and the effect on the image should not degrade 
the image taken any more than the pixelation inherent in the image. 
Chapter 6 
Optical Dipole Trapping 
Atoms interacting with a light field experience both dispersive and dissipative 
forces. The latter is due to the absorption of photons from the field and sub-
sequent spontaneous emission. This 'radiation pressure' force is used for laser 
cooling as the atom can lose energy through the spontaneous emission process. 
The dispersive component of atom-light interactions is due to the interaction 
of the light field with the induced dipole moment of the atom. The effect of this 
interaction is a shift in the energy of atomic states- the ac-Stark shift [19]. For 
near resonant conditions, as in the MOT and optical molasses, the dissipative 
part dominates. For large detunings of the light field from atomic resonances the 
dispersive part dominates and the absorption-spontaneous emission processes 
can be neglected, giving a truly conservative force. However, the interaction is 
weak, where traps on the order of 1 mK deep are considered deep. 
6.1 Dipole Force due to the Induced Dipole 
Moment 
An atom in a laser field has a dipole moment, d induced by the electric field, 
£. The dipole moment oscillates at the frequency of the driving field, and is 
closely related to the field by 
d=a(w)£, (6.1) 
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where a is the complex polarizability. The dipole potential due to this interac-
tion is given by 
1 
vdipole = -2 (d.£) (6.2) 
1 
=---al. 
2 Eo c 
(6.3) 
The angular brackets indicate that we take the time average, and the intensity 
of the laser field is given by 
(6.4) 
In Eqn. 6.3 we should write ~(a) in favour of a as we look at the in- phase 
component of the force. However, in this work we will only consider the real 
part of a and so will keep this notation . 
E 
Figure 6.1: Illustration showing that 
the energy of the dipole is ~ d · E if the 
dipole moment is proportional to the 
driving field. 
. 5The factor of ~ in Eqn. 6.2 comes 
about due to the dipole moment being 
induced, and not permanent. Assum-
ing the atom has a linear response to 
the field, as in Eqn. 6.1, we can write 
the instantaneous electrostatic energy 
as [92] 
Vinst = 1£ - d( £) · 6£ 
1 
=-- d.£. 
2 
(6.5) 
(6.6) 
This can be seen in the figure on the 
left, where the energy required to cre-
ate the dipole is shown graphically. For an ac- field the time average of this 
must be taken which leads directly to Eqn. 6.2. 
While Eqn. 6.3 is identical to Eqn. 6.2, it has the advantage of clearly separating 
the interaction into an atom part, a, and a field part, 1£1 2 . We do note that a 
is still a function of the frequency of the E-field. 
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6.2 Spatially Trapping with the Optical Dipole 
Force 
The dipole force occurs due to gradients in the light field, 
Fdipole = -\7 Vdipole 
1 
= --a\7!. 
2EoC 
(6.7) 
If the frequency of the driving field is below that of an atomic resonance then 
d will be in phase with E and, from Eqn. 6.1, a will be positive. Thus 3D 
confinement can be realised in the simple geometry of a focussed laser beam 
that is red-detuned from an atomic resonance, as was proposed by Ashkin in 
1978 [16]. The form of this potential about the laser focus is shown in Fig. 6.2. 
In this arrangement the focus provides a local maximum in intensity axially 
along the beam and the Gaussian radial profile provides radial confinement. 
The general equation for a focussed Gaussian beam of peak intensity / 0 is 
I( ) _ r ~ -2r2 jw2 (z) z, r - 1 0 w2 (z) e , (6.8) 
where w(z) is the 1/e2 radius at z and r is the radial position. The variation 
of w along the beam axis is given by 
where 
1 + ( z z-Rzo) 2, w(z) = wo (6.9) 
(6.10) 
is the Rayleigh length and z0 is the location of the beam focus where w(z) = 
w0 , the minimum spot size. Knowing that the potential in a dipole trap is 
proportional to the intensity we find an equation of the same form, 
2 
U(z r) =- ~ ~ e-2r2/w2(z) 
, ow(z)2 , (6.11) 
where U0 is the minimum of the trap. 
6.3 Derivation of the Light Shift 
· Existing-literature attempts to find a form of the interaction of light with an 
induced dipole by making use of of Lorentz,s classical oscillator model [18]. This 
Chapter 6. Optical Dipole Trapping 
sz 
::t 0 
..c. 
15. 
~ -200 
a. 
ro 
.= -400 
5 
······- .... . . 
Beam axis (mm) 
74 
_. ....... . _ 
0.2 
0 
-5 -0.2 
Beam waist ( m m) 
Figure 6.2: Form of the potential of an optical dipole trap at the focus of a red-
detuned laser , shown schematically above the potential surface. The specific 
example here is for Rb atoms at the focus of a 50 W, C02 laser (.>.. = 10.6 p,m) 
focussed to a waist of 71 p,m. 
approach considers the valence electron to be bound elastically to the core with 
an oscillation eigenfrequency w0 . Dampening is included by dipole radiation 
due to the accelerating electron. 
This model does have the advantages of simplicity and makes use of known 
results of classical electrodynamics theory but a more rigorous approach is taken 
in the next sections to get a similar result without making gross assumptions. 
6.3.1 Time Dependent Perturbation Theory 
We begin with the Schrodinger equation 
in :/I!(t)) = (Ha + V (t)) !'II( t)) , (6.12) 
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where Ha is the atomic Hamiltonian and V(t) is the interaction of the atom 
with a monochromatic radiation field as a perturbation, given by 
V(t) = -d · £ cos(wt) . (6.13) 
Here 
d = -er (6.14) 
is the dipole moment of the atom, with e the electronic charge and r is the 
displacement of the electron from the atomic centre of mass. This model as-
sumes a single valence electron; for a multi-electron system the dipole moment 
is a sum over the individual moments. £ is the electric field vector. We also 
introduce the Rabi frequency, 0, 
n = (ildlf) ~ , (6.15) 
where (ildlf) is the dipole moment between states li) and If). We expand the 
wavefunctions, which form a complete set, in the concise Dirac notation 
(6.16) 
We can further simplify the situation to only consider two atomic states, which 
will be labelled 11) and 12). Substituting Eqns. 6.13 and 6.16 into Eqn. 6.12 
leads to 
ic1 = Ocos(wt) e-iwotc2 
ic2 = n cos( wt) eiwot cl ' 
(6.17) 
(6.18) 
where w0 = (w2 - w1). We re-write these equations in a more convenient form, 
icl = c2 ~ ( ei(w-wo)t + e-i(w+wo)t) 
ic2 = cl n (ei(w+wo)t + e-i(w-wo)t) 
2 
(6.19) 
(6.20) 
For near resonant fields we would now make the rotating wave approximation 
(RWA), dropping terms that oscillate at w +w0 , known as the counter-rotating 
terms. By this step we can quickly come to the energy shift of the states as, 
(6.21) 
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where ~ = w - w0 . This derivation is performed step-by-step in Appendix B. 
For very large detunings, such as will be looked at in these experiments, w « w0 , 
so w-w0 ~ w+wo and the counter-rotating terms in Eqns. 6.19 and 6.20 must 
be kept. There is then no analytical solution for the energy shifts of the states 
in Eqns. 6.19 and 6.20. 
6.3.2 Floquet Theory 
Using perturbation theory the form of the light-shift potential can be derived. 
The full derivation is in Appendix C, but the basic details are included here. 
Again we consider an atom in a monochromatic field and use the time-
dependent Schrodinger equation Eqn. 6.12 with perturbation Eqn. 6.13 as be-
fore. 
The perturbation, V(t) is separated into two parts 
where it is evident that 
V(t) = V+ e-iwt + V_ eiwt ' 
n,n 
v+ =V_ = 2 . 
It must be arranged that V+ = V_* . 
The Floquet method involves rewriting 
l\ll(t)) = e-iEtflil'l/J(r)) . 
(6.22) 
(6.23) 
(6.24) 
Following for the formulation of Potvliege et al. [93] we examine the coupled, 
time-independent "Floquet equations" which lead to a second-order shift 
(6.25) 
From the earlier definitions of Eqns., 6.15 and 6.23 the light-shift is 
E(2) = n n2 ( 1 + . 1 ) 
4 Wo-w w0 +w · 
(6.26) 
This result agrees with the result from the Grimm et al. review article, derived 
using a classical oscillator model [18]. 
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6.4 Thansitions in Multilevel Atoms 
As was derived above, the Stark shift of an atomic state li) coupled to another 
state If) is given by 
with 
hfJ2 
V=---4~eff ' 
_1 - ( 1 +-1-) 
~ef f Wif - W Wif + W 
(6.27) 
(6.28) 
Substituting the Rabi frequency, Eqn. 6.15 into Eqn. 6.27 and including all 
allowed transitions from li) we get an expression for the energy shift of level li) 
(6.29) 
where the sum is over all states If) except the initial state. 
The transition matrix elements (ildlf) will be a function of the quantum num-
bers n, J, F, mp of both the initial and final states and also of the polarisation 
E of the laser field, where E = 0, ±1 for 1r and 0'± transitions, respectively. Using 
the Wigner-Eckart theorem [94], the matrix elements can be decomposed into 
the product of a Clebsch-Gordan coefficient (F, mpiF', 1, m'p, E) and a reduced 
matrix element (FIIdiiF') 
(ildlf) = (F, mpiF', 1, m'p, E) (FIIdiiF') 
=Cit (FIIdiiF') . 
(6.30) 
(6.31) 
The reduced matrix element can be simplified further into a fully reduced matrix 
element that is then only a function of the fine structure state [95, 96] 
(FIIdiiF') = (JIIdiiJ')(-1)F'+J+l+IJ(F' + 1)(2J + 1) { J J' 1 } 
F' F I 
(6.32) 
The remaining fully reduced matrix element can be expressed in terms of the 
Einstein A coefficient or lifetime of the transition, T, between the J states by 
(97] 
(6.33)- ---
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Then, using Eqns. 6.31-6.33 in Eqn. 6.29, we derive a general expression for the 
light-shift of any atomic, hyperfine state 11, F, mF), 
2 
b:.Ei = 37rc2 I L A~f (21' + 1) (2F' + 1) { 1 1' 1 } C'ff . 
2 Ni wif F' F I t1eff 
(6.34) 
In the situation of unresolved hyperfine structure the light-shift can be written 
in the simpler form 
b:.E- =- £2 ""'l(1jldl1')12 ""'1(1 m 11' 1 m' E) 
t 4fiL.....t 1::1· L.....t 'J '' j, 
J tf I mJ 
(6.35) 
_37rc2 I"f3Aif( 1 1) 
- L.....t 3 + . 2 J#.i Wif Wif - W Wif + W 
(6.36) 
The last equation has been written so that /3 contains the prefactors that are 
due to the atomic states other than the experimentally measurable quantities 
A1 and Wif· 
Thus it seems that in order to calculate the light-shift of any energy level, i 
the only requirements are the Einstein A coefficients for the possible transitions 
and also the frequency of each of those transitions. Using the Kurucz line data 
[98], it is possible to get data for transitions up to 5s -t lOp and 5p -t lls, 4d 
lines. 
There is some concern as there is no estimate of the error in any of the pa-
rameters given from this database. Most of the data given is from theoretical 
calculations. One of the main references for the Rb data on the database warns 
against comparison with experimental data, though this is due to "very large 
disagreements among the observed data" [99]. It does claim a better than 10 per 
cent agreement between calculations and measured lifetimes. Other references 
claim significant disagreement with the results of Warner [100]. However, the 
energies of the states given in the Kurucz database agree with those distributed 
by NIST to better than 0.1% [101]. With these caveats in mind, our initial light 
shift calculations were of this form, due to the simplicity of the calculations. 
Care must be taken when evaluating Eqn. 6.36 to avoid over-weighting the 
contribution of particular states. This problem arises as the quoted Einstein 
A values· sometimes have the /3 prefadors absorbed, and sometimes not. In 
general it seems that linestrength factors have been included, whereas the (21' + 
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1)/(2J + 1) terms have not. Then for transitions from the ground S1; 2 state 
to ? 3; 2 and P1; 2 states a weighting of 3:2 is included in calculations. Similarly, 
transitions to d5; 2 and d3; 2 from the p3; 2 are weighted 5:3. 
In general, only a few states contribute to the gross light-shift away from a few 
nm about transition wavelengths. Fig. 6.3 shows that the D2 and D1lines, from 
52 sl /2 to 52 ?3/2 and 52 pl /2 respectively, form the strongest contributions to the 
light-shift of the ground state in Rb. More terms are required to calculate the 
light-shift of the 52 ? 3; 2 state, Fig. 6.4. The first thing to be noted from this 
figure is that the shift due to the 52 sl/2 state is opposite in sign from all other 
shifts. This is to be expected from the dressed state model, where in a two level 
system the light- shifts of the two states are equal in magnitude, but opposite 
in direction. 
- -- -
- ·--- · -
0 
"~-· .... ... 
' ' 
' \ 
-soo~~U-~~~~~~--------~----~--~--~~~~~~ 
103 104 
Wavelength (nm) 
Figure 6.3: The contribution of various lines to the light-shift of the 52 S1; 2 
ground state of Rb as a function of laser wavelength for a laser of intensity 
of 1 MW / cm2 . The dot-dashed line is the shift due to the 52 ? 3; 2 . After the 
inclusion of the 52 P3; 2 line (red dash) the other transition make negligible con-
tribution away from the wavelength of the transition. The black solid line is 
due to the 12 strongest transitions from 5251; 2 found in [98). 
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Figure 6.4: The contribution of various lines to the light-shift of the 52 P3; 2 state 
of Rb as a function of laser wavelength for a laser of intensity of 1 MW jcm2 . 
The lines are most easily identified at long wavelengths. From bottom (blue 
dot-dash) 52 S1; 2 , (red dash) as above plus 62S1; 2 , (green solid) as above plus 
72 S1; 2 . The solid black line is the contribution of the 17 strongest lines from 
52 p3/2 [98]. 
6.5 Comparison of Methods 
It is useful to plot the various methods of calculating ground- and excited-
state light-shifts in order to see that there are not any gross deviations between 
results in the limits considered. Here we will preempt our main approach at 
solving the light-shift problem, and compare the light-shifts calculated from 
Eqn. 6.36 with results using theoretical polarizabilities in Eqn. 6.3 [29]. These 
data are plotted in Fig. 6.5. For the ground state, the calculations agree to 
better than 8% at the C02 and Nd:YAG wavelengths. For the excited states 
the results differ by ,....., 35% at both wavelengths. The theoretical values at the 
C02 wavelength agree well with other results [102] . 
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Figure 6.5: Comparison of light-shifts of the 52 S1; 2 (blue) and 52 P3; 2 (solid 
red) states of Rb calculated using different methods. The dotted lines are 
calculated from Eqn. 6.36 using data from [98] . The solid lines are the results 
from calculations of polarizabilities of the same states [29]. The calculations 
for the 52S1; 2 in excellent agreement. The agreement is still reasonable for the 
52 P3; 2 state, as the form is clearly similar. All calculations are for an intensity 
of 1 MW/cm2 . 
6.6 Polarizability Formation 
Evaluation of the light-shift by summing over all possible transitions requires 
tables of Einstein A coefficients and transition wavelengths. This is unsatisfac-
tory as the information is coming second- hand from the Kurucz database [98], 
which is the standard method of these calculations. This means that there is no 
information on the quality of the data used, or whether the data is experimental 
or theoretical. Furthermore, as will be shown in this section, calculation by this 
method fails to give us the tensorial features of the light-shifts of some states. 
6.6.1 Formulation 
Schmieder [103], following from Angel and Sandars [20] shows that the polariz-
ability in Eqn. 6.1 , a is actually a sum of two terms 
(6.37) 
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where o:0 is the scalar polarizability, :fl. is the identity matrix, o:2 is the tensor 
polarizability and Q is an operator that involves the coupling of the atomic 
angular momentum J to the electric field direction [103] 
Q = 3(u · J)2 - J(J + 1) 
J(2J + 1) ' (6.38) 
with u the unit vector in the electric field direction. 
The matrix elements of Q between two hyperfine states are given by [103] 
(F IQIF' I ) = fl5 [(J + 1)(2J + 1)(2J + 3)] 1/2 
mp mF V 2 J(2J- 1) 
1 1 (1 2 1) 
x ~ fl tL21 utLutL' J-L -q J-L' (6.39) 
x(-1)I+J+F-F'-MFV2(F+ 1)(2F' + 1) 
x ( F 2 F' ) { F 2 F' } . 
MF q -M~ J I J 
In this equation u_1 = (ux- iuy)/../2, u0 = Uz, and u1 = -(ux + iuy)/../2 are 
the spherical tensor components of u. The 3-j symbols impose the requirements 
that q = J-L+J-L' = M~-Mp. It must be noted that q is defined by the summation 
of J-L and J-L1, not the other way around. 
If the electric field is aligned along z, then Uz = 1 and is the only non-zero term 
of the electric field tensor. This means, from Eqn. 6.39 that J-L = J-L1 = 0 and 
therefore q = 0. As would be expected in a linearly polarised field mp is then 
only coupled tom~= mp. We then construct a matrix that is diagonal in mp 
and with rows and columns for each mp labelled by F and F' respectively. The 
matrix shown in Eqn. 6.40 illustrates the form of this matrix for 87Rb, with 
I = ~ and J = ~. The labeling of the matrix is shown in Fig. 6.6. 
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II II 
II II 
II II II 
II II II 
II II II 
II II II II 
II II II II (6.40) 
II II II II 
II II II II 
II II II 
II II II 
II II II 
II II 
II II 
II 
mF=-4 
I 
mF=O 
F' 
4 3 ... 
F~~ 
= u 
Figure 6.6: Form of the (F mFIQIF' m~) matrix. 
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6.6.2 Hyperfine Interactions 
Up to this point we have neglected the hyperfine interaction, Vhfs· As we wish 
to calculate the energy levels of real atomic systems, such as 85Rb and 87Rb, 
we must find energy shifts due to the combined interactions of V + Vhfs· The 
hyperfine interaction is given by the operator [104] 
-v; =nAI·J nB6(1·J) 2 +31·J-2/(/+1)J(J+1) 
hfs + 2/(2/- 1)2J(2J- 1) ' (6.41) 
where A and B are the hyperfine structure constants. For the 5P3; 2 states 
of 85Rb, A = 25.009 MHz and B = 25.88 MHz [105]. The non-zero matrix 
elements of Eqn. 6.41 are written as 
1 ~K(K + 1)- 2/(I + 1)J(J + 1) (F mpiVhJsiF mp) -:- - 2 A K + n B 2!(2! _ 1) 21(2J _ 1) , (6.42) 
where 
K = F(F + 1)- !(I+ 1)- J(J + 1) . (6.43) 
In this basis, the operator Vhfs will be diagonal. 
6.6.3 Scalar and Tensor Polarizabilities 
The scalar (a0 ) polarizability is the average of the dipole polarizabilities, axx' 
ayy and azz for an atom in a laser field polarized, respectively, in the x, y and 
z-directions [102]: 
(6.44) 
The scalar polarizability is the same for all mp values of the states concerned. 
The tensor (a2 ) polarizability of a P state is given by [102] 
(6.45) 
The values for the dipole polarizabilities are taken from Griffin et al. [29]. For 
a state with J = 1/2 the situation is simplified by symmetry, axx = ayy = azz 
such that a2 is then zero. For a P state axx = ayy and lazz I is typically 
larger than the other components. The values of the dipole, scalar and tensor 
-polarizabilities for the 5?3; 2 state are plotted in Fig.6. 7. 
Chapter 6. Optical Dipole Trapping 
...-
(") 
0 
ro 
..._ 
~ 
:c 
ro 
N 
·c 
2000 
1000 
~ -1000 
a.. 
-2000 
2000 
...-
(") 
0 
\ 
85 
.......... ' ....... ' 
' 
ro 1000 ..._ --- - - - - -- - - - - -
>. 
:!::::: 
:c 0 
ro 
N 
·c 
ro 
-1000 I ' 
0 "' a.. ( \ 
I \ 
-2000 \ 
103 
Wavelength (nm) 
Figure 6.7: (top) Calculated dipole polarizabilities of 5p2P312 state of Rb. 
For the ?3; 2 state CXxx = ayy, shown as dotted blue line. CXzz is the solid 
red line. (bottom) The scalar and tensor polarizabilities for the 5P state 
ao = (axx + ayy + CXzz ) /3 (black dashed) and a2 = (axx- CXzz ) /3 (green solid) , 
respectively. For the 58 state, ao = CXxx = ayy = CXzz , as shown in Fig. 6.5, and 
Q2 = 0. 
6. 7 Evaluating Energy Level Shifts 
To calculate the energy level shifts we must find the eigenvalues of the matrix 
I 
vtot = vhfz + (ao 11. + Q2 Q) -2- . 
Eo c 
(6.46) 
Solving Eqn. 6.46 was performed using Mathematica 4.1. The values of a 0 
and a 2 were taken from the theoretical calculations described in [29]. When 
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Figure 6.8: Quadratic Stark effect on the 52 P3; 2 state of 85Rb. At zero applied 
field the fine structure state is split into the hyperfine states F = 4, 3, 2, 1 by 
the perturbation Vhfs· At relatively low E-fields the hyperfine states are split 
according to lmFI by the atom-field interaction. At stronger fields the lmJI 
levels become separated. The -~a0£2 shift, common to all levels, has been 
removed from this plot. 
calculating light-shifts of a state the scalar polarizability terms were generally 
left from the calculation as these are merely a multiple of the unit matrix. All 
hyperfine states of a fine structure state will be shifted by - !ao £ 2 . 
The light-shifts calculated from diagonalising Eqn. 6.46 should be independent 
of the orientation of the electric field in Eqn. 6.39. Comparing results calculated 
for orthogonal fields was then the first test that the codes were working. 
6.8 Differential Light-Shifts 
From Fig. 6.5 we see that the scalar polarizability of the 5?3; 2 state is signifi-
-cantlylarger than that of the 581; 2 in thestatic E-field limit. This has a con-
siderable effect on the operation of the cooling and trapping fields in the MOT 
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Figure 6.9: Effect on the laser-cooling states of the differential light- shift in 
an optical- dipole trap. The arrow represents the frequency of the cooling light. 
In the presence of the optical- dipole trapping field the cooling lasers becomes 
blue-detuned with respect to the atomic transition. 
as the energy levels involved in laser cooling are shifted by different amounts, 
as shown in Fig. 6.9. At the centre of the optical lattice in our experiments 
that the differential light- shift, shown in Fig. 6.10, is "' 60 MHz= 10 r. If 
the C02 laser trap is overlapped with a MOT, where detunings of the cooling 
light of"' -2 r = -12 MHz are typical, then atoms in regions of significant 
ground- state trap depth will experience an effective detuning of "' -50 MHz 
and will be heated from the trap. 
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Figure 6.10: The differential light-shift of the 52 P3; 2 , F = 4 and 528 1; 2 F = 3 
states of 85Rb in a C02 laser dipole trap. Trap parameters are P = 4 x 45 W of 
power (an optical lattice) focussed to w0 = 70 J-Lm. The ground state light-shift 
is U0 / h = -36 MHz. The mean of the differential light-shifts at trap centre is 
57 MHz. 
Chapter 7 
Implementing a C02 Laser 
Dipole Trap 
7.1 Introduction 
In the previous chapter it was shown that the depth of an optical dipole trap is 
proportional to the intensity of the laser, and to a good approximation, inversely 
proportional the the detuning from resonance, Eqn.6.21, 
I 
Uo ex !:::. . 
Furthermore, the scattering of trapping lights scales approximately as [18] 
(7.1) 
(7.2) 
For these reasons it is desirable to use a high powered, very far detuned laser 
for optical dipole trapping. 
A C02 laser satisfies the requirements of large detuning and high power required 
for optimal optical dipole trapping, as discussed in Chapter. 6. A C02 laser 
typically operates at >. = 10.6 p,m which is 13.6 times greater than the cooling 
transition in Rb at 780 nm. This difference means that for an induced dipole 
moment the electric field of a C02 laser appears to be quasi-electrostatic. A 
C02 laser can produce large and very stable powers [106, 107]. 
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7.2 The Laser 
For the experiments described in this thesis a Coherent-DEOS, GEM100 Se-
lect C02 laser was acquired. In this section we consider the operation and 
application of a C02 laser for stable trapping of laser-cooled atoms. 
7 .2.1 Considerations 
Early experiments in very far-off resonance lasers (more than 100 nm from 
resonance) observed that the lifetime of the dipole traps was very much less than 
expected from either background collisions or from predicted photon scattering 
from the trapping laser. Adams et al. trapped sodium in a Nd:YAG laser trap, 
which has a wavelength approximately twice that of the cooling transition in 
Na. They observed trap lifetimes of 0.8 s, in comparison with predicted, vacuum 
limited lifetimes of 14 s [78]. 
The Thomas group at Duke has done much work on identifying heating mech-
anisms in optical dipole traps [108, 109]. A theoretical investigation of the 
situation identified intensity fluctuations as the dominant contribution to the 
heating of the trapped atoms [108]. Considering that the the trap frequency is 
related to the trap depth, U and laser intensity, I by 
Wosc <X v1J 
<X Vi, (7.3) 
it is evident that changes in the intensity will parametrically heat the trapped 
atoms. The heating rate is predicted to be exponential with time, as the hotter 
atoms will be heated more. In order to obtain background limited lifetimes it 
is indicated that the intensity fluctuations must be reduced to below 0.1% of I0 
[110]. 
Measurements taken by Gehm have shown that the Coherent-DEOS laser ex-
hibits very low intensity fluctuations [111]. For trap frequencies of up to 7 kHz, 
exponential heating rates of < 10-4 Hz were measured. This extremely low 
heating rate was a main consideration in the selection of our laser. 
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7.2.2 Power Stability 
As was discussed in Section 7.2.1, the power stability of the dipole trapping 
laser is of great importance. The power meter used in this experiment could 
not give the resolution required to measure power fluctuations on the order 
of 0.1 %. The response time of the power meter is also on the order of 1 s, 
meaning that even relatively low frequency fluctuations could not be measured. 
However, the lifetime of the trapped atoms would give an excellent indication 
of the beam quality. It was desirable to know how long it would take the laser 
to get into stable operation, when the large drifts due to turn on effects (such as 
temperature stabilisation) would settle down. Measurements of the power were 
taken directly after the laser head over a period of 2 hours, as plotted in Fig. 7.1. 
The power meter used only gives readings to 3 significant figures, which reduces 
the resolution above 100 W. It should be clear that the power stability is better 
than 1% after 45 minutes. The laser head has an internal shutter, which was 
hoped would not affecting the power stability, making the initial stabilisation 
much safer. However, as can be seen in Fig. 7.1 the use of the shutter does 
cause drifts in the power once the shutter is opened. The shutter was rarely 
used in the experiment operation, except for non critical alignment. 
106 
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for 5 minutes 
103 \] 102 U L . ~ 101 ~ l r' ~ - ~ j ... 100 ~ 99 a. 98 
97 \I 
96 itt 
95 
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Figure 7.1: Measurements of the C02 laser power over 2 hours. The measure-
ments were taken immediately after the laser head with no optics before the 
power metre. Note that power metre only gives reading to 3 significant figures, 
reaucing the resolutronabove 100 W. 
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7.3 AOMs for C02 Lasers 
For the C02 laser we use an AOM to control the intensity of the beam to the 
experiment. The AOM diffracts the beam into four orders, including the zeroth 
order, and is arranged so that the first order contains the maximum amount 
possible. By varying the rf power to the AOM the amount of C02 power that 
is transmitted can be carefully controlled. 
An AOM for a C02 laser works on the same principles as one for a diode laser, 
but is much bigger and requires significantly more power. An IntraAction Corp 
AGM-406BIM AOM is used to control the power that reaches the trapping 
region. The AOM uses germanium for the mixing crystal and is driven by 30 W 
of rf power at 40 MHz. This rf is supplied by a GE-4030 driver, also from 
IntraAction. The AOM crystal absorbs rv 10% of the total incident power. 
This means that 40 W of power must be dissipated from the AOM, otherwise 
the device will be permanently damaged. The cooling water for the AOM comes 
for the same chiller as is used for the laser. As an extra level of safety there 
is a thermal sensor in the AOM which turns off the AOM driver when the 
temperature of the crystal goes above 40°C. A flow switch was installed on the 
cooling water line immediately after the AOM. If the water supply fails this 
cuts the power to the C02 laser directly. 
The first order diffracted beam from the AOM, with up to 65 W of power is 
used for dipole trapping experiments. The zeroth order beam, which contains 
90 W of power when the power is lowered in the first order, is diverted into 
an air-cooled beam dump. In addition to these two orders a few W of power 
is found in the second and the other first order beams. This power is blocked 
using two further beam dumps. By further knife edge measurements it was 
found that the first order beam focusses to rv 2 mm after the AOM. This is due 
to thermal lensing in the crystal due to the rf power and energy deposited by the 
laser itself within the crystal. The measurement of the beam profile was very 
difficult to take as knife edge measurements must be taken close to the AOM. 
In this region there are 4 C02 beams, with significant power in the zeroth and 
first orders and greater than 1 W in the second and minus first orders. This 
. focu_ssing effect could ~ave be~n COJ::?pensat~d ~y adjusting the telescope before 
the AOM. However we used the divergence of the beam in the far field to our 
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advantage, as described in the next section. 
We have found that changing the rf power causes the direction of the first-
order beam to change. This has been speculated as being due to a temperature 
dependent refractive index of the germanium crystal. Angular changes of up to 
3 mrad have been measured when the rf power is increased from 3 W to 30 W. 
For this reason alignment of the C02 laser has had to be done with the laser 
on full power. 
7.4 Aligning the C02 Laser 
The Gaussian beam that emerges from the C02 laser has a 1/e2 radius of 3 mm. 
The beam is passed through a rv 3 : 2 telescope (using 1 inch diameter lenses 
of f = 190 mm and f = 127 mm) to reduce the insertion loss through the 
AOM, which has an aperture of 6 mm. Before the AOM was installed in the 
beam path knife edge measurements were taken after the telescope to ensure a 
collimated beam. 
To achieve deep traps it is then desirable to focus the laser as tightly as possible. 
The radius of a Gaussian beam focussed by a thin lens is a function of the 
wavelength of light, .\, the focal length, f and the beam radius before the lens, 
w [112], 
f,\ 
wo=-. 
1fW 
(7.4) 
Then, for a fixed focal length the spot size at the focus can be minimised 
by maximising the beam size before the lens. After the AOM the C02 beam 
propagates along a beam path of 3m, over which distance it diverges to a size of 
9 mm (1/e2 radius). As discussed earlier, the trap depth at the C02 laser focus 
depends on the laser intensity. In initial experiments a telescope was included to 
collimate the laser beam before the final focussing lens, giving a beam waist at 
the final focussing lens of 7.2 mm (1/e2 radius). This allowed easier calculation 
of the axial positioning of the focussing lens due to having a collimated beam 
entering the final lens. However the beam size at the focussing lens is larger if 
the collimating telescope is removed. The positioning of the lens was not found 
to be moredifficult with a diverging bE;!ambefore the lens as the diverge_nce was_ 
well characterised by knife-edge measurements along the beam. The laser was 
Chapter 7. Implementing a C02 Laser Dipole Trap 
(f) 
c (1) 
Q) 
c 
"(fj 
:J 
0 
0 
..__ 
94 
Figure 7.2: C02 laser beam path to the experiment. After the chamber the 
mirror is present for optical lattice experiments and removed for single beam 
experiments. 
focussed into the chamber by a f = 190.5 mm lens, producing a final spot size 
(1/e2 radius) of 71 p,m. 
When retro- reflecting the beam to form an optical lattice the beam must be 
slightly misaligned. This precaution is to prevent the beam feeding back into 
the laser cavity. Also, if the beam were perfectly retro- reflected then the beam 
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would heat the AOM crystal causing thermal lensing of the beam. This would 
change the beam alignment completely. The retro-refiected beam is aligned 
onto a beam dump. The misalignment is approximately 3 mm after a distance 
of 3 m. At the trap centre this corresponds the separation of the foci of two 
beams was observed to be< 10 f.-LID. 
7.4.1 Overlapping Dipole Trap and MOT 
In order to trap atoms in a C02 laser beam it must be well overlapped with 
the MOT. This task is very difficult due to the C02 beam being invisible and 
having little effect on a MOT operating under normal conditions. A much more 
'real world' consideration is that the beam is very powerful and great care must 
be taken with all adjustments in order to know exactly where all the power 
is going. This makes alignment a slow and nerve-wrecking procedure. Ideally 
the beam would be aligned at low power and then the AOM would be ramped 
up to full power. However the beam position changes when the AOM power is 
altered. This is due to heating effects from the rf-power and also from thermal-
lensing due to the first order beam itself. The movement in beam position at 
the chamber between 5 W and 55 W of laser power could be greater than 1 em. 
While gross alignment could be done at lower powers the final alignment had 
to be done at full power. 
'Burn paper' was used to locate beam edges and on lower beam powers to find 
the beam centre. Burn paper is a type of paper that blackens very quickly 
when heated, and is used in thermal printers, such as used in cashier tills in 
supermarkets. For powers above 10 W the paper will burn with flames if left in 
the beam for any length of time. 
The final focussing lens was mounted on a system of 3 translation stages with 
Vernier scales giving control of the focus in axial and orthogonal radial direc-
tions. Two mirrors before this lens allowed steering of the beam up to this 
point. 
For initial alignment the C02 laser was operated with a power of ~ 5 W in the 
first order, the minimum required to leave a mark on burn paper in a time of 
~l"s. -k beam dump was positioned~before the chamber and the C02 laser was 
aligned so that it was horizontal and would pass through the chamber, without 
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the focussing lens installed. This was checked by removing the beam dump and 
positioning the power metre after the chamber. The power metre was positioned 
before the chamber in the centre of the laser beam. As the power was ramped 
up the two steering mirrors were adjusted to keep the laser centred on the power 
meter. The power meter was then positioned after the chamber and the beam 
was observed to pass through the chamber and to pass through the centre of 
each of the ZnSe windows. 
Before the lens was installed the path of the C02 laser was mapped out by po-
sitioning four 5 mm diameter apertures along the beam. Each was positioned 
to maximise the power passed through. A probe beam with 2 m W at 780 nm 
was taken from the laser cooling set-up and was overlapped with the aper-
tures. With the MOT running the final steering mirror was adjusted slightly 
so as to overlap the probe beam with the MOT. The effect of this was a clear 
perturbation of the position of the MOT. If necessary the apertures were repo-
sitioned, but in general this was not required. The ZnSe focussing lens was 
then positioned so as to focus the probe onto the MOT. Another ZnSe lens was 
positioned after the chamber, centred on the probe beam and approximately 
equidistant from the centre of the chamber as the focusing lens. This lens was 
to re-collimate the C02 laser after it passed through the chamber. The axial 
position of the lens was adjusted for the different refractive index of the ZnSe, 
(the lens and window,) seen by ,\ = 10.6 J-Lm and ,\ = 780 nm beams. The 
probe beam was then removed and, with a beam dump before the chamber, it 
was checked that the C02 laser was overlapped with the apertures. The beam 
dump was then removed and the power was checked after the chamber to ensure 
the beam passed straight through. 
This procedure, however, did not overlap the C02 focus and the MOT due to 
the refractive index of ZnSe being different for,\= 10.6 J-Lm and,\= 780 nm and 
to the somewhat crude nature of overlapping the C02 laser and the resonant 
probe beam. The final alignment was carried out as described next. 
7.4.2 Precise Alignment 
_Here we.examine some of the alignment methods that were_attempted. 
The group of Summy at Oklahoma State University have approached the prob-
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lem of aligning MOT and dipole trap from the consideration that a C02 laser 
is a trap [113]. They run their MOT on a far detuning on the order of 5 r 
so that their MOT does not load efficiently and is more diffuse than normal. 
The loading effects of the C02 laser can then be seen by observing a region of 
enhanced fluorescence in the MOT corresponding to atoms trapped from the 
MOT into the dipole trap. However, we attempted this procedure but with no 
success. 
At Duke University 6Li is trapped in a C02 laser dipole trap and have examined 
the alignment issue from basic optical considerations. In the ideal final configu-
ration, the lens that focusses the dipole trapping laser would be positioned 1/ f 
away from the centre of the MOT. However, by considering the MOT to be a 
point source of a fluorescence, it can be seen that this lens would then also then 
collimate the emitted light from the trapped atoms. By positioning the final 
focussing lens to optimise this effect, and allowing for the differing refractive 
indices of the ZnSe in the focussing lens and the UHV viewports at 671 nm 
(the wavelength used for laser cooling Li) and 10.6 J-Lm, the lens can be placed 
so as to be aligned for focussing a collimated beam at 10.6 J-Lm onto the MOT. 
Even allowing for experimental errors they find that by this method they can 
generally obtain a signal of trapped atoms that can be further optimised by 
positioning of the focussing lens. The reason this method was used in their 
lab is due to the polarizabilities of the ground and excited states being almost 
identical. 
We tried to use this procedure in our experiment but got signal. For a MOT 
containing 107 atoms the peak intensity levels expected are on the order of 
1 x 10-9 W cm-2, which is 3 orders of magnitude less than that detected on the 
photodiode for number measurements. The photodiode used for temperature 
measurements would then have given a signal of"' 1 m V for a MOT of this size. 
Beam profiles of this collimated 'beam' would then have to be taken to check 
the beam was collimated. This method was attempted using a CCD camera, 
but no signal was ever found. 
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7.4.3 Anti-Thapping as Optimised Alignment 
In Rb the ground and excited states for laser cooling have significantly different 
polarizabilities at A = 10.6 p,m and correspondingly different light- shifts. Both 
states are shifted down in energy at this wavelength but the light- shift of the 
excited state is ~ 2.5 times that of the ground state. For an optical lattice, 
with single beam power of 45 W focused to a e-2 radius of 70 p,m the mean 
differential light shift between the excited and ground states at the centre of the 
lattice is 57 MHz. If the MOT is run at a detuning of less than this then the 
atoms in the region of the C02 laser will see the MOT lasers to be blue detuned 
with respect to the cooling transition and will be heated in, and ejected from, 
the overlap region. This effect, the absence of atoms in a background of cold 
atoms should be clearly seen if the density of the atoms is low. This low density 
can be achieved by keeping the Rb vapour pressure low and by lowering the 
B-field gradient in the MOT. 
B-field gradients as low as 1 G cm-1 were used in this anti-trapping alignment 
technique. The detuning of the cooling light was set to ~ = -4 MHz. Two, or-
thogonal CCD cameras were focussed on to the MOT and both were monitored 
in real time. The focussing lens was rastered across a small volume. When the 
C02 and the cold atom cloud were overlapped a dark stripe was seen on the 
monitor screen, as the example in Fig. 7.3 shows. In the first observation the 
movement of the stripe is usually more easily observed than the stripe itself. 
The dark region was then centred on the MOT centre. 
Figure 7.3: Screen captures of images taken during alignment of the C02 laser 
with the MOT using the anti-trapping technique. The C02 laser can be seen 
as a dark stripe through the centre of the image. 
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The MOT was then switched back to normal operation. For the final alignment, 
the number of atoms captured in the dipole trap from an optical molasses were 
measured by a fluorescence imaging on to a CCD. The position of the C02 laser 
was optimised by adjusting the focussing lens to optimise the number of atoms 
captured. 
7.5 Dirty Windows 
It was noticed that a speckled, scummy layer appeared on the inside of the ZnSe 
viewports after a few months of operation of the MOT. Concerned that it was 
some chemical from the dispensers, as these are the only active element within 
the vacuum chamber, we contacted SAES. They assured us that there could be 
no reactive compounds, other than those meant to be in the dispensers. The 
suspicion was then that it was a reaction between Rb and the anti-reflection 
coating on the windows used. We were worried that this scum might affect 
the transmission of the C02 beam. A fraction of the C02 beam power was 
diverted to pass through the chamber without focussing to observe the effect on 
the transmitted power. For an input power of 30 W approximately 6 % of the 
power was absorbed by two windows. The pressure in the chamber, as measured 
by the ion-gauge, was observed to increase from 2.2 X w-lO Torr to rv w-9 
immediately but returned to the original pressure within 10 s. This pressure 
change was not observed again when shining the C02 laser through. Later 
conversations with members of the Weitz group indicated that they observed 
this layer on their focussing lens, which were within their chamber. Over time 
up to 25% of the C02 power was lost on these optics, meaning they had to 
be changed with each vacuum break. In our set-up, the power lost never went 
above rv 3 % on each of the windows. 
Chapter 8 
C02 Laser Trapping of Rb 
This section describes how Rb atoms are loaded into the C02 laser dipole trap 
and the imaging technique used to extract the number and spatial distributions 
of the trapped atoms. 
Both the ground and excited states of the Rb cooling transitions have positive 
scalar polarizabilities at the C02 wavelength, A = 10.6 J-Lm. The excited state 
scalar polarizability is, however, 2.5 times that of the ground state. For even 
moderate trapping intensities the operation of the MOT is affected by dipole 
trapping field. 
Switching of the power in the C02 laser with the AOM causes changes in the 
position of the beam. For this reason the C02 laser is left on at full trapping 
power at all times except for during the imaging of the trapped atoms which 
takes a few ms. 
For loading, the thermal Rb vapour was provided by pulsing a focussed Nd:YAG 
laser onto the dispensers, as described in Section 4.3. The MOT was loaded 
with 2 x 107 85Rb atoms in approximately 3 s, followed by a 10 ms optical 
molasses phase to reduce the atomic cloud temperature to 20 J-LK, measured in 
a separate experiment with the C02 laser switched off. For the molasses phase 
the repumper power was reduced to 200 J-L W / cm2 and was completely switched 
off with a shutter for the final 5 ms such that the atoms were pumped into 
the lower hyperfine state [78]. The MOT beams were then switched off with an 
AQM lind the cold atom clou9. allowed to fall, under gravity, out of the trapping 
region. To measure the number of atoms, and the spatial distribution of the 
100 
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trapped atoms the C02 laser was switched off and the MOT beams, tuned to 
resonance, were pulsed on. The scattered fluorescence was captured with the 
CCD camera. 
8.1 Dipole Trap Heating and Trapping Life-
times 
8.1.1 Considerations 
There are three mechanisms for heating atoms that are confined in an optical 
dipole trap: fluctuations of the trapping laser, scattering of the trapping light 
and collisions with hot background atoms. 
Trapping Laser Fluctuations 
As reported by the Thomas group, the causes of parametric heating in an optical 
dipole trap are intensity noise and position (pointing) noise [108, 109]. In the 
first case, fluctuations at twice the trap frequency cause resonant driving of 
the atomic motion. In the second case, shaking at the trap frequency directly 
couples to the atomic motion, increasing the amplitude of oscillations. 
These fluctuations are difficult to measure directly. Studies of these noise 
sources in a Coherent-DEOS laser, similar to that used in our experiments, have 
been taken [114]. Observed heating rates are on the order of hours. O'Hara et 
al. have demonstrated trap lifetimes for Li of 300 s in a C02 laser trap, which 
is predicted to be limited only by the background pressure. 
The optical set-up for the C02 laser in the experiments described here was 
made as mechanically stable as possible. Large, heavy mounts and posts were 
used where possible for lenses and mirrors. The trap lifetimes measured in the 
experimental chamber of 6 s appear to be limited by a background pressure on 
the order of 2 X 10-lO Torr. 
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Scattering of Trap Light 
Red-detuned optical dipole traps do have the feature of trapping atoms at the 
maximum of laser intensity, thus it is important that the scattering rate is very 
low. The scattering rate of a far detuned laser is [18] 
r _ ~ (~) 3 ( r r ) 2 I ~- 3 + . 2 h w0 wo w0 - w wo - w (8.1) 
To a good approximation we can write r sc ex: I/~ 2 , from which it is clear that 
the photon scattering rate decreases rapidly with increasing detuning. Using our 
trapping parameters in Eqn. 8.1 we get fsc = 7.0 x 10-3 Hz, or approximately 
2.5 photons per hour. 
The scattering of >. = 10.6 J.Lm photons by Rb will, due to conservation of 
energy, be completely elastic. The energy gained by an atom during scattering, 
Erecoil = (h2 k2 )/(2M) will be a factor of (.Aco2 / .Ao) 2 ~ 185 lower than for 
scattering of resonant light. Combined with the low scattering rate, we calculate 
a heating rate, 
or 4.5 pKjs. 
Eheat = r sc X 2 Erecoil 
fi2 k2 
=fscM' 
Collisions with Background Atoms 
(8.2) 
Background gas atoms in the vacuum system will typically have a temperature 
of 300 K. As the trap depth U0/k8 is of the order of 1 mK collisions with 
such a 'hot' atom will generally cause single particle loss and both partners 
in this collision will exit without colliding with other atoms . These losses 
are a function of the flux of background atoms and so vary linearly with the 
background pressure. Glancing collisions can transfer energy to atoms, but 
unless the energy gained ~E < U0 the atom will be expelled from the trap. 
However, Cornell et al. predict that such collision are negligible for traps on 
the order of a few mK (54]. 
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8.2 C02 Trap Loading 
The first experiments on dipole trapping were attempted with a single focussed 
C02 laser. The laser was focussed to a beam waist of 89 J-tm and with a power 
of 50 W in the beam. This corresponds to a trap depth of 300 J-LK. 
Atoms were loaded directly from an optical molasses with a measured, free 
space temperature of 22 J-LK. Up to 2 x 106 85 Rb atoms were loaded into this 
single-beam trap. 
8.3 Dipole Trap Measurements 
All measurements of the dipole trap were taken from CCD images. This method 
allowed both number and spatial information to be extracted simultaneously. 
Dipole trap images were taken typically more than 50 ms after the MOT had 
been turned off. For shorter delay times the atoms not in the dipole trap had 
not fallen out of the trapping region. 
During imaging the dipole trapping beam was switched off. Imaging then takes 
place in the absence of any spatial differential light-shifts which allows measure-
ment of the true spatial distribution. The scheme for imaging was as follows: 
the trap was switched off with the AOM in < 1 J-LS and the on-resonance trap-
ping and repumping beams were pulsed on for 100 J-LS. The fluorescence was 
captured with the CCD camera. Using the pixel count calibration described in 
the MOT imaging section the total trapped atom number was estimated. 
8.3.1 Dipole Trap Lifetime 
The lifetime of the dipole trap was measured by monitoring the trapped atom 
number for varying hold time in the C02 laser trap. Initial measurements of 
the trap lifetime, shown in Fig. 8.1, indicated a 1/e trap lifetime of 6.25(1.42) s. 
The pressure in the vacuum chamber was measured to be 1.4 x 10-10 Torr. 
Emperical evidence from other groups suggest that for a background pressure 
of 10-9 Torr a trap lifetime of 1 s is typical [54]. An order of magnitude re-
- -auction in the back ground pressure produces and order of magnitude longer 
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Figure 8.1: Measurement of the dipole trap lifetime up to 5 s. The exponential 
fit gives a time constant of 6.25(1.42) s. 
trap lifetimes. Our lifetime result and pressure measurement indicate that the 
lifetime is background pressure limited. This initial experiment was as a proof 
of principle that we could trap atoms for long time periods. The longest hold 
time used for measurements was 5 s. 
Further measurements were taken of the dynamics of the initial atom decay 
in the trap. Fig. 8.2 shows an initial fast decay of the atom number then 
a slower decay. A double exponential fit to the trapped atom number gives 
time constants for the fast and slow decay of 152(±128) ms and 2.67(±2.93) s, 
respectively. This initial decay is attributed to plain evaporation of the hotter 
atoms from the trap. The shorter time constant here for the slow decay is due 
to a higher background pressure as the trap was loaded with approximately an 
order of magnitude more atoms than for Fig. 8.1. 
Lifetime measurements were also taken for an optical lattice. The trap depth 
in this case is U0 /h = 1.9 mK. The time constants measured for the lattice 
were 39(±13) ms and 1.77(±0.10) s for the fast and slow decays, respectively. 
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Figure 8.2: Double exponential fit to dipole trap lifetime. An initial decay rate 
of 150(±128) ms is followed by a slower rate of 2.67(±2.93) s. 
The data for this measurement are plotted in Fig. 8.3. The lifetimes of the 
single-beam and lattice traps, after the fast initial decay, are consistent and are 
suspected to be pressure limited. 
8.4 Molasses Cooling in the Optical Dipole 
Trap 
Our loading procedure involved using a molasses phase detuned by rv -8 r 
from the F = 3 - F' = 4 resonance. In this way we achieved trapped atom 
temperatures of 77 Ji.K in an optical lattice, as measured by time-of- flight . 
Other groups have used molasses phases of -18 r , for 85Rb, [115] and -23.5 r , 
for 87Rb, [49] and have observed trapped temperatures of 9 Ji.K in a C02 lattice 
and 38 J.lK in a C02 crossed trap, respectively, after a 1.5 s hold time. Both 
temperatures were significantly lower than U0/10, the typical temperature of 
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Figure 8.3: Double exponential fit to optical lattice trap lifetime. An initial 
decay rate of 39(±13) ms is followed by a slower rate of 1.77(±0.10) s. 
trapped atoms after free evaporation, where U0 is the trap depth. These low 
temperatures are suggested as being due to a blue detuned molasses [116]. The 
laser frequency is now closest to the F -----+ F' = F transition. In regions of 
circularly polarised cooling light atoms are locally pumped into the mF = ±F 
Zeeman level of the ground state, which is then dark to the light that pumped 
it there, resulting in reduced scattering. In linearly polarised regions atoms are 
cooled by blue detuned Sisyphus cooling. 
8.4.1 Molasses Duration 
The effect of the molasses duration on the number and distribution of atoms 
loaded was investigated. The results are shown in Fig. 8.4. The free-space 
temperature of the MOT was measured to be 200(17) JLK, which is ,....., U0/10 for 
Rb in an optical lattice using 45 W of C02 power focussed to 71 J-Lm. However it 
was observed that atoms did not load into the optical lattice without a molasses 
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phase. A maximum number of atoms were observed to be loaded into the lattice 
for a molasses phase lasting approximately 5 ms. For longer molasses phases the 
differential light-shift effects were observed to become pronounced. The reason 
behind this is not understood. It is evident that further cooling occurs due to 
the molasses as atoms are now loaded into the optical lattice. If the reduced 
loading at the lattice centre was due only to the differential light-shift then it 
would be expected that this effect would be observed for all molasses durations. 
The loss of atoms could be postulated as being due to light-induced collisions 
which are enhanced by the differential light-shift. 
8.5 Evaporative Cooling 
Evaporative cooling entails selectively removing atoms from the high-energy 
tail of the thermal distribution and then allowing the remaining atoms to come 
into thermal equilibrium. In order to successfully complete the second part, the 
atomic density must be high enough so that thermalising, elastic scattering rate 
is large in comparison with the trap lifetime. 
Evaporative cooling in an optical dipole trap was first observed in 1995 [78] when 
Adams et al. trapped Na in a crossed Nd:YAG optical dipole trap, observing 
high initial densities of 4 x 1012 atoms/cm2 . Subsequent forced evaporation 
reduced the temperature of trapped sodium atoms to 4 ILK and increased the 
phase space density by a factor of 28. The next reported result of evaporative 
cooling in an optical dipole trap was not until 2000 when Engler et al. realised 
cooling of rubidium in a C02 laser trap with very long storage times of > 150 s 
[117]. Free evaporation from the trap reduced the temperature by a factor of 2 
over 300 s. This result was only attainable due to the exceptionally low heating 
rates due to a stable trapping laser and low background pressures. 
Efficient evaporative cooling in an optical dipole is complicated by the fact that 
lowering the trap depth causes relaxation of the trapping parameters, slowing 
down the rethermalisation stage. However the very high phase space densi-
ties that have been observed in optical dipole traps, and the high trapping 
frequencies that can be found in crossed and lattice geometries mean that the 
initiaT collisional rates are also very high arid evaporation proceeds r~pidly. AI1 
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all-optic BEC of 87Rb was created in a crossed C02 laser, dipole trap by evap-
oratively cooling a trapped atomic sample to degeneracy in ,....., 2 s [49]. Since 
then the same group has improved the efficiency of this technique to achieve 
condensates of 3 x 105 atoms in similar timescales [118]. Kinoshita et al. have 
created similar sized BECs from forced evaporation in a Nd:YAG laser trap 
[119]. Both these last two techniques involve dynamically changing the spot 
size at the laser focus after loading of the dipole trap to increase the density 
and collision rates. By this method the trap frequencies can be kept constant 
or even increased during evaporation. Optical dipole traps have since become 
the tool of choice for creation of Fermi-degenerate gasses as the trapping is 
state-independent [50]. 
In the experiments in this thesis no attempt was made to force evaporation 
of atoms from the dipole trap. Generally, experiments were conducted with 
trapped atom temperatures much lower than U0 /10, the typical temperature 
limit of free evaporation. 
8.6 Atomic Oscillation Frequencies in an Opti-
cal Dipole Trap 
The oscillation frequencies can be found by a Taylor expansion of the trap-
ping potential in the radial and axial directions. From Hooke's law, the spring 
constant is related to the potential by 
1 2 U=--kx 2 . (8.3) 
Then using the relation between oscillation frequency and the spring constant 
(8.4) 
where m is the atomic mass, we arrive at the oscillation frequency. 
Radially, the potential varies as 
(8.5) 
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Using Eqns. 8.3,8.4 we get 
(8.6) 
Axially, at the beam focus 
(8.7) 
and in the same way as above 
(8.8) 
In a single running beam trap 
(8.9) 
(8.10) 
In our experiments U0 = 1.9 mK, w0 = 71 J-lm and ZR = 1.5 mm. This gives 
trapping frequencies of Wr = (27r) 1.93 kHz and Wz = (27r) 57.3 kHz. These 
results compare well with measured results for similar trapping parameters in 
the Weitz group [28]. 
8. 7 Atomic Density 
The spatial extent of the trapped atom cloud can be estimated from knowledge 
of the oscillation frequencies of the trap. In a harmonic trap the mean potential 
energy per dimension will be 
1 1 2 2 
- kB T = - M W· (X·) . 2 2 ~ ~ (8.11) 
From our caJcu:lated oscillation frequencies of Wr = (27r) 1.93 kHz and Wz = 
(27r) 57.3 kHz we obtain widths of rrms = 7.3 J-lm and Zrms = 0.24 J-lm.( The 
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peak number of atoms per site was measured to be '""' 3500 giving an estimated 
peak density of 4.2 x 1012 atoms/cm3 . For a measured temperature of 80 J..LK, 
with an associated de Broglie wavelength of >..dB = 37 nm, this gives a phase 
space density of rv 2 X 10-4 . 
8.8 Temperature Measurements 
The temperature of the trapped atoms was measure by time of flight expansion. 
The MOT was loaded for rv 3 s, followed by a (typically) 10 ms molasses phase. 
The C02 laser trap was overlapped with the atomic cloud centre during the 
optical cooling phases. During the molasses phase the repump intensity was 
reduced by a factor of 30 and completely shut off for the final 5 ms of the 
molasses phase. The cooling light was then extinguished and the untrapped 
atoms allowed to fall under gravity out of the experiment region. The C02 
power was switched off in rv 1 ms and after a variable time-of-flight the MOT 
beams, tuned to resonance, were pulsed back on for an imaging time of 100 J..LS. 
The scattered light was collected on a CCD camera to give spatial and number 
information of the trapped cloud. 
In a single beam trap, U0 = 470 J..LK, a temperature of 51(±3) J..LK was measured. 
We have measured a temperature of 77(±4) J..LK in our optical lattice, for a 
trap depth of U0 = 1. 9 mK. At first examination this appears rather high in 
comparison to the results quoted by other groups; Friebel et al. measured 
temperatures of 15 J..LK for 85Rb in a C02 laser optical lattice [115]. However 
this lattice had a depth of only 360 J..LK. The same group measured temperatures 
of 70 J..LK for a lattice of 2.1 mK deep [28], a system which is directly comparable 
to ours. The molasses phase for this loading was similar to earlier experiments, 
using a detuning of -13 r = -78 MHz. The maximum differential light-
shift in this lattice is 65 MHz meaning that in no region would the trapped 
atoms experience a differential light-shift strong enough to cause effective blue-
detuning of the molasses light. 
Also, in the first all-optical BEC, the temperature of 87Rb atoms trapped in a 
crossed dipole trap was initially measured to be 75 J..LK [49]. This trap had a rel-
atively lower~ depth. of 780 J..LK, though due to the c~os~ed geometry orientabon 
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it had oscillation frequencies of rv 1.5 kHz in all directions. Through free evap-
oration the measured temperatures reduced to 38 J.LK, which is approximately 
1/lOth the depth of the individually trapping beams. 
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Figure 8.4: The effect of molasses duration on number and distribution of atoms loaded into the optical lattice. The scale of 
the spatial axes is 2 mmx0.5 mm. The molasses times are a) 0 ms, b) 5 ms, c) 10 ms, d) 15 ms, and e) 20 ms. The images 
were taken after a 60 ms hold time in the lattice trap. The molasses parameters are .6. = -30 MHz and single beam intensities 
of 4 mW / cm2 . The molasses temperatures are shown in Fig. 4.13. 
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Chapter 9 
Enhanced Loading of Dipole 
Traps 
9.1 Introduction 
Loading of ultra-cold atoms into an optical dipole trap is a complex problem. 
Loading into two, overlapped traps with very different optical and trapping 
parameters raises the complexity even further. However, this system, as will be 
shown, provides some initially counter-intuitive results. 
9.2 Two Dipole Fields 
9.2.1 Introduction 
The effect of including a second dipole trapping field requires some adaption of 
the theory considered, but does introduce somewhat counter-intuitive effects. 
The special cases of two laser fields of identical or nearly-identical frequencies, 
or of counter-propagating laser beams are standard in literature and have been 
examined in many cases, [28, 78]. 
In this section we look at the light-shifts of the excited state of alkali atoms in 
the presence of two lasers, with frequencies differing by an order of magnitude. 
-- --~ However, the theory developed is general and 'applies· any laser fields- for which 
113 
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the dynamic polarizabilities are known. In this case we also define that the lasers 
propagate orthogonally to each other and with the polarizations orthogonally 
aligned. 
9.2.2 Theory 
The theory of this section is essentially a slight modification of the situation of 
an atom in a single dipole field. The scalar and tensorial matrices for each field 
are calculated and are summed before diagonalisation, 
U = U0 - -2
1 L (a~ll + a~Q) Ii. 
EoC i=l,2 
(9.1) 
As discussed earlier, the tensorial matrix for light polarized along the z-axis is 
block diagonal in the IF, mF) basis, as shown in Eqn. 6.40 and Fig. 6.6. 
For orthogonally polarized light (i.e., along the x- or y-axes ), the tensorial 
matrix is of the form, 
II l_ l_ l_ 
l_ 
l_ 
l_ 
II II 
II II 
l_ l_ 
l_ l_ 
l_ l_ 
l_ l_ 
II II II 
II II II 
II II II 
l_ l_ l_ 
l_ l_ l_ 
l_ l_ l_ 
l_ l_ l_ l_ 
l_ l_ l_ l_ 
II II 
II II 
II II 
II II 
II II 
II II 
II II 
II II 
l_ l_ l_ l_ 
l_ l_ l_ l_ 
l_ l_ l_ 
l_ l_ l_ 
l_ l_ l_ 
II II II 
II II II 
II II II 
l_ l_ 
l_ l_ 
l_ l_ 
l_ l_ 
II II 
II II 
l_ 
l_ 
l_ 
l_ l_ l_ II 
(9.2) 
C-- The, effect -is to couple terms that differ in mp by ± 2, Q, This form comes about 
due to the possible combinations off-Lin Eqn. 6.39. As should be expected, the 
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eigenenergies of this matrix are identical to those plotted earlier in Section. 6.6, 
with levels being split according to lmFI· 
9.3 Reducing the Differential Light-Shift 
The differential light-shifts, discussed in Section 6.8 come about as the scalar 
polarizability of the 52 P3; 2 excited state of Rb is 2.6 times larger than that of the 
52 81; 2 ground states at -Xc02 = 10.6 1-lm. A second laser field, at a wavelength 
where the excited state polarizability is large and negative would counteract the 
detrimental effects this has on laser cooling and loading of atoms in the trap 
region. A further consideration must be be that the ground state polarizability 
at this second wavelength must be either small or positive so as to not reduce 
the trap depth. 
From the calculations shown in Fig. 6. 7 we see that the a high powered laser 
Nd:YAG laser at ANd:YAG = 1 /lm fulfils the requirements outlined. As show 
--\ ao [5s] (ag) ao [5p] ( ag) a2 [5p] ( ag) 
1.064 1-lm 722 -1166 567 
10.6 1-lm 335 873 -155 
Table 9.1: Calculated polarizabilities for the 581; 2 and 5P3; 2 states of Rb. For 
a state with J = 1/2, a 2 = 0. 
in Table 9.1, the excited state a0 at the Nd:YAG wavelength is of the opposite 
sign and significantly larger than that at the C02 wavelength. Furthermore, 
the ground state polarizability is the same sign and more than twice as big. 
Then, at the Nd:YAG wavelength we see that the differential light-shift is of 
the opposite sign, making the cooling light more red-detuned at trap centre. 
9.4 Solving the Light-Shift For Two Fields 
The solutions for two laser fields have been solved as the differential light-shift 
between the' excited 52 P3; 2 states and the ground 528 1; 2 states of 85Rb for the 
experimentally realisable conditions in the laboratory. The calculations were 
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Figure 9.1: Differential light- shifts as a function of position along an axis per-
pendicular to both the C02 and Nd:YAG laser propagation directions. P lotted 
are, the differential light-shift in (a) the C02 laser lattice only, (b) the over-
lapped C02 and Nd:YAG region, with parallel polarizations, and (c) with or-
thogonal polarizations. The red line in (b) and (c) shows the differential shift 
due to the scalar polarizabilities alone. 
performed for a 45 W, C02 laser focussed to 70 J.Lm and retro- reflected to create 
an optical lattice of trap depth U0 / h = -36 MHz. A 7.8 W Nd:YAG beam, 
focussed to a beam waist of 30 J.Lm crosses the C02 beam at 90 o. The ground 
state light-shift of the Nd:YAG beam is U0 /h = -18.6 MHz. The results for 
the calculations are shown in Fig. 9.1 for the cases of parallel, and orthogonally 
aligned polarisations. The result from Fig. 6.10 is shown for comparison to the 
situation with the C02 laser alone. 
In Fig. 9.1(a) and (b) the states are separated, as before, by lmFI· In Fig. 9.1(c) 
this degeneracy is lifted. More importantly, one of the mp states is pulled down 
into a region where it is acquires a large effective red-detuning. In both (b) 
and (c) the different ial light- shift due to the scalar polarizabilities alone is 
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plotted, and is observed to be effectively blue-detuned at all intensities (in this 
situation). 
Chapter 10 
Results of Light-Shift 
Engineering 
Due to the manipulation of the excited state light-shift we find that loading 
into the light-shift engineered region can be more efficient than in the C02 
dipole trap alone. Ideally the engineering of the differential light-shift would 
allow cooling of the atoms in this region to lower temperatures than the C02 
trap. However other effects are found to lead to higher temperatures in the 
engineered region. 
Light-shift engineering occurs in the region where the trapping and perturbing 
lasers overlap. The localised nature of the light-shift engineering allows, with 
tuning of the cooling laser detuning during the molasses phase, region specific 
loading of the C02 lattice. 
10.1 Alignment of Trapping and Perturbing 
Beams 
The most technically challenging aspect of the experiment is to overlap the C02 
and Nd:YAG lasers. The C02 dipole trap was aligned with the MOT centre, 
which was fixed at the zero of the B-field of the MOT coils. The MOT laser 
beams were aligned through the centre of the BK7 windows. Two of the ZnSe 
~indows wer~ used for th~ C02 d!pole trapping be~m. The Nd:YAG beam 
118 
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could then either be aligned through the vertical ZnSe viewports or at an angle 
through one the large BK7 viewports. The anti-reflection (AR) coated ZnSe 
windows reflect rv 30% of light at >. = 1.06 JLm (quoted by Umicore Laser 
Optics). While the reduced intensity at the focus is undesired a greater concern 
is that reflections from the exit window could cause standing wave effects in 
the Nd:YAG beam. Also, the ZnSe viewports were 22 em from the centre of 
the chamber, limiting the minimum spot size of the focussed beam that could 
be achieved. By focusing the laser through the large viewports we could use a 
shorter focal lens, f = 15 em, achieving a smaller spot size at the focus and 
avoid the standing wave effects. 
The Nd:YAG beam was focussed into the chamber as shown in Fig. 10.1. The 
angle between the laser beam (the principal ray) and the window was measured 
to be 19° to the normal. For this angle 80.3(4)% of the power was measured to 
be transmitted through the 6 mm thick viewports. For normal incidence, the 
quoted transmission is 92%. 
Focussing a laser through an inclined glass plate causes aberration of the beam, 
see Fig. 10.2. In the plane of the beam shown, the laser focuses to a point 
different than it would in the absence of the plate. In the other plane which 
is also orthogonal to the plate surface the beam will again focus to a different 
point. The predicted separation of each bj is [120] 
bf=d(1- COSCY ) ' 
Jrp- sin2 a 
(10.1) 
where d is the thickness of the plate, TJ is the refractive index of the plate 
and a is approximately the angle between the principal ray and the normal 
to the window. For a laser beam focussing at CYj_ = 19° through a plate with 
d = 6 mm and of refractive index TJ = 1.49 the predicted separation of the two 
foci is 0.12 mm. 
The above calculation does not account for Gaussian beams nor for differences 
in the beam radii prior to focussing and makes small angle approximations. To 
examine the effect on our real system the laser beam was diverted with a mirror 
before the focussing lens. The beam was focussed through a unused viewport at 
___ the appropriate angle and knife-c-edge measurements were-taken about the focus 
(see Appendix A for details of knife-edge measurements). Fig. 10.3 shows that 
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Figure 10.1: Schematic of the overlapped C02 and Nd:YAG lasers. The C02 
laser enters horizontally while the Nd:YAG laser enters at 19° to the horizontal. 
The imaging camera (top right) is orientated such that the field of view is 
approximately perpendicular to both C02 and Nd:YAG beams. The MOT 
beams are removed for clarity but two pairs of retro- refiected beams are in the 
vertical plane at ±45° to the C02 . The other enters horizontally through the 
centre of the large viewports. 
the vertical and horizontal waist minima are separated by 8(±1%) mm, vastly 
different from that predicted by raytracing. The main reasons for this are due 
to the beam not being perfectly Gaussian and also having different radii in the 
horizontal and vertical directions, as can be seen from the fits in Fig. 10.3. 
The minimum spot size can be estimated by the product of the fits, Fig. 10.4, 
which gives an area of 2430(80) J-Lm2 . At this point we expect the maximum 
trap depth for the Nd:YAG laser. Initial alignment of the Nd:YAG as a dipole 
trap agree with the form of the potential shown in Fig. 10.4, with a sudden 
minimum of the trap followed by a region of lesser trap depth. 
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Figure 10.2: A beam focussed through a tilted glass plate focusses to a different 
point than if the plate were not present. 
-
0.6 E 
.s 
(/) 
:J 
:0 0.4 ro 
0::: 
'1' 
Q) 
0.2 
o.o~~~~~~~~~-L~~--~~~~~~ 
120 140 160 180 200 220 240 260 280 
Position (mm) 
Figure 10.3: Results of knife-edge measurements of the vertical (blue) and hor-
izontal (red) radii of the Nd:YAG beam focussed at 19° to the normal through 
a 6 mm thick viewport. From the Gaussian beam fits, the focussed beam waists 
are separated by 8 mm. 
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Figure 10.4: Location of the minimum spotsize of Nd:YAG after focussing 
through the angled viewport. The dotted and dashed lines are the fits from 
Fig. 10.3 (left axis) while the solid black line is the beam cross-section area 
at that position (right axis). The double minimum arises due to astigmatism 
produced by the window the laser is focussed through. 
10.2 Overlapping Orthogonal C02 and Nd:YAG 
Lasers 
For initial alignment of the Nd:YAG laser the position of the C02 lattice was 
recorded. Two cameras were used to take images of the dipole trap, one camera 
as shown in Fig. 10.1 and the other looking vertically down through the top 
ZnSe viewport. The centre of the trap was then found with approximately pixel 
resolution. 
From the measurements described in Fig. 10.3 the position of the lens before the 
chamber was approximately known. The uncertainty arises due to the difficulty 
in measuring exactly the position from the MOT centre. To align the Nd:YAG 
laser use was made of the MOT being at the centre of the vacuum chamber. The 
beam was adjusted so that it entered and left the vacuum chamber with odd 
symmetry about the centre. The C02 was not used for the next section. The 
Nd:YAG beam was adjusted until it was observed to trap atoms, as shown in 
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Figure 10.5: Top) The Nd:YAG laser as a dipole trap. The laser is focussed in 
from the left, in this picture. Bottom) Integrated pixel count of same image 
in which two maxima can be seen. The figure was taken with an imaging pulse 
length of 1 ms. 
Fig. 10.5. By binning the image along the beam axis two maxima of the number 
of trapped atoms are evident. This agrees with the prediction of an astigmatic 
beam creating a trapping potential with two minima. However, the maxima are 
separated by 1.3 mm, in clear disagreement with the result shown in Fig 10.4 
which predicts a separation of 8 mm. To clarify the situation the beam was 
modeled using a lens design program, OSLO LT [121]. This software is used 
for modeling optical systems by ray- tracing and using Gaussian beam ABCD 
matrices. The model predicted that the focii are separated by 1.6 mm in much 
better agreement with observations. The minimum beam size was calculated to 
be 31 f.J,m. 
The polarisation of the Nd:YAG laser was aligned with the direction of prop-
agation of the C02 laser to ensure the polarisations of the two lasers were 
orthogonal. 
To overlap the lasers the C02 trap was loaded with 3 x 105 85Rb atoms. The 
Nd:YAG laser was on throughout the loading and trapping phase. After a 60 ms 
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hold time both C02 and Nd:YAG lasers were switched off and a fluorescence 
image of the trapped cloud taken. The profile was compared to a profile of an 
atomic sample that was trapped in the C02 laser alone to check for localised 
enhancement in atom density. The position of the Nd:YAG beam focus was 
then changed and the process repeated. To examine whether a change in the 
observed profile was a viewing effect due to one beam being behind the other 
relative to the camera the procedure was repeated. This time the Nd:YAG was 
switched off completely at the end of the molasses phase. An adapted shutter, 
Section. 4.9, with a highly reflective Alanod flag was used to deflect the beam 
into a beam dump immediately after the laser head, turning off the beam in 
approximately 1 ms. If the beams were not correctly aligned the increased 
atom number disappeared when the Nd:YAG was switched off at the end of the 
molasses phase. 
10.3 Enhanced Loading 
The first observations of enhanced loading were easily identified. Fig. 10.6 
shows density profiles of trapped atomic clouds with and without the light-
shift engineering Nd:YAG beam on during the MOT and molasses phase. The 
enhanced region has a peak density of more than a factor of two higher than 
without light-shift engineering. 
By tuning the optical molasses the enhancement can be made more dramatic. 
For a 10 ms, ~ = -20 MHz molasses a loading enhancement of a factor of four 
is observed, as shown in Fig. 10. 7. 
10.4 Temperature of Light-Shift Engineered 
Region 
To measure the temperature a time-of-flight technique was used. The lattice 
was loaded with 105 87Rb atoms from a MOT with 5 x 107 atoms. The MOT 
phase was followed by a 10 ms molasses phase with a detuning of~= -30 MHz. 
During the molasses phase the hyperfine reputnping laser intensity was lowered 
Chapter 10. Results of Light- Shift Engineering 125 
by a factor of 30 and was completely shut off for the final 5 ms. The molasses 
beams and the Nd:YAG laser were then switched off and the untrapped atoms 
allowed to fall under gravity. After a 60 ms hold time the C02 laser was switched 
off in "' 1 J.lB and an image of the cloud taken with the now on- resonance MOT 
beams for varying expansion times up to 400 J.LS. For each release time six data 
sets were taken and averaged. Line profiles were taken axially (along the C02 
axis) through the data and Gaussian fits were made of the light- shift engineered 
region, see for example Fig. 10.8. A temperature of 380(75) J.LK was extracted 
from the data which are plotted in Fig. 10.9. 
An attempt was made to measure the temperature of 85Rb in the method de-
scribed above, but the Gaussian fits could only be made of the light-shift engi-
neered region up to < 100 J.LS· 
3 
(mm) 0 0 (mm) 
Figure 10.6: Images of the first observation of enhanced loading in a C02 laser 
optical lattice by light-shift engineering. Left) an atomic profile with light- shift 
engineering and right), without the light-shift engineering beam. Axial line-
profiles through each plot are also shown, clearly identifying the enhancement. 
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Figure 10.7: For a molasses phase of!::.= -20 MHz the number loaded into the 
light- shift engineered region is almost four time greater than before. 
10.5 Dimple Trick 
The experiment described here of a A = 1.064 J.Lm laser being used to locally 
enhance the density of atoms in a C02 laser trap seems at least similar to 
the Cs experiment at lnnsbruck [122] . In this experiment a tightly focussed 
( w0 = 30 J.Lm) Yb fibre laser was used to local increase the phase space density 
of atoms in a C02 laser trap by increasing the density of atoms in the overlapped 
trapping region. The temperature was maintained approximately constant by 
using the volume of atoms trapped by the C02 laser alone as a thermal reservoir. 
This technique, the 'dimple trick' had previously been used in the Ketterle group 
to repeatedly cross the transition to BEC in a magnetically trapped gas by using 
a red-detuned laser. 
To show that the enhanced loading was not merely due to an increased ground 
state trap depth the intensity of the C02 laser was lowered by a factor of 
four such that the combined trap depth of the C02 lattice and Nd:YAG com-
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Figure 10.8: Example of double Gaussian fit to optical lattice and light- shift 
engineered region. 
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Figure 10.9: Graph of Gaussian widths squared against time-of- flight squared 
to estimate the temperature of atoms in the light- shift engineered region. The 
fit yields a temperature of 380(75) J-LK. 
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bined (h x 27 MHz)was less than the trap depth of the full C02 lattice alone 
( h x 36 MHz). The peak number of atoms trapped in the full intensity C02 
lattice was more than a factor of 2 less than in the light-shift engineered region 
Fig. 10.10. 
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Figure 10.10: Column density for a C02 laser lattice without the Nd:YAG laser 
(dashed line), and for a shallower C02 laser lattice with the Nd:YAG laser (solid 
line). The overall ground state light-shift in the overlap region of the shallow 
combined trap (-27 MHz) is less than the maximum light-shift for the C02 laser 
lattice alone ( -36 MHz), but loading into the combined trap is still significantly 
more efficient. Both profiles are for a molasses detuning of -20 MHz. 
10.6 Region- Specific Loading 
To prove that the experimental observation of enhanced loading is due to a 
mechanism beyond the dimple trick a further experiment was conducted. Here 
the lattice was loaded as before, but now a blue- detuned, !::!. = +2 MHz molasses 
phase was implemented after the MOT phase. Time-of- flight measurements of 
an untrapped atom cloud after such a molasses phase revealed a temperature 
of 200(17) J.LK. When the Nd:YAG laser was overlapped with the C02 lattice 
we observes that loading still occurred in the light-shift engineered region, but 
nowhere else in the lattice. The shot- to-shot variation in the number of atoms 
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Figure 10.11: Loading only a specific region of an optical molasses by light- shift 
engineering. The molasses detuning was!:::.= +2 MHz for 10 ms. 
is significant , though atoms were observed to be loaded each time. The region 
loaded in Fig. 10.11 is estimated to contain 104 atoms, spread over 6 lattice 
sites. 
The density of atoms loaded into selected regions can be higher than for an opti-
cal lattice loaded from a standard optical molasses, detuned by!:::.= -20 MHz. 
This effect is shown clearly in Fig. 10.12. 
This effect is explained by Fig. 9.1(c), where one of the mp states is observed 
to acquire a large effective, additional red detuning. 
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Figure 10.12: Comparison of the result number density of atoms loaded into 
an optical lattice using spatially selective light- shift engineering (Fig. 10.11) 
and into a typical optical lattice without light-shift engineering. For the region 
specific loading a molasses detuning of 6.. = +2 MHz was used, compared to 
6.. = -20 MHz for the normal lattice. 
Chapter 11 
Status and Futu:re Work 
During the course of this work we have developed and built an experiment 
to laser cool and optically dipole trap rubidium. The entire experiment was 
designed and constructed during the course of my PhD. We have built a compact 
vapour cell MOT, developing a new method of making high-quality viewports 
for use at>.= 10.6 p,m [60]. A novel method of providing a short pulses of alkali 
atoms while maintaining an ultra-high vacuum has been implemented [88]. We 
have loaded large numbers of Rb atoms into a C02 laser optical dipole trap 
in single beam and lattice geometries. We have proposed and demonstrated 
engineering of the light-shift of an excited atomic state. By this method we 
have increased the number and density of atoms loaded into selected regions of 
an atomic lattice by more than a factor of three. We have adapted the technique 
to load only specific regions of an optical lattice. 
Wavelength Dependency of Light-Shift Engineering 
In the experiments in this thesis we have only examined a light-shift engineer-
ing laser field at one wavelength. We have proposed using a high powered, 
tunable diode laser to investigate the rapidly varying polarizabilities in the 
region ±10 nm from the D2 line. This experiment would allow accurate mea-
surements of the polarizabilities of the excited and ground states. Much greater 
enhancements in the loading of optical latices could possibly be observed. 
Such a tunable laser has been acquired. A wavemeter has also been bought to 
map out the wavelength accurately. 
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Addressing of Single Sites 
Loading of individual sites of an optical lattice represents a starting point for 
proposals for quantum computing using optical lattices. A high resolution lens 
system has been designed [123] and assembled by Matt Pritchard for use with 
a newly purchased, low-noise CCD camera. 
A 3D C02 Laser Optical Lattice 
Most interestingly, a next generation experiment has been designed and built 
in the Adams group. In this experiment a 3D face-centred-cubic (FCC) optical 
lattice, with a lattice constant > 10 ~tm will be used to trap Rb. Such a lattice 
will have extremely high trapping frequencies, on the order of 50 kHz. The 
differential light-shift at the centre of this lattice would be ~ 100 MHz, which 
would prevent the loading of atoms in this region. The lattice could be loaded 
at lower C02 laser powers and the intensity ramped up latter. However we 
have observed that changing the power of the beam to the experiment results 
in changes of the beam position. Using an appropriately tuned auxiliary laser 
the differential light-shifts could be manipulated so as to allow efficient loading 
of the 3D lattice. 
Laser Cooling of Calcium to Degeneracy 
An experiment on laser cooling of Ca in a 3D C02 optical lattice will be con-
structed in the group of Riis at Strathclyde. A recent proposal suggests that in 
such a system it is possible to laser cool Ca directly to the ground state of the 
lattice and hence observe the first BEC of Ca and more importantly, generation 
of a BEC without deliberate loss of atoms [124]. 
Results of loading of Ca into a C02 laser trap at the Physikalisch-Technische 
Bundesanstalt (PTB) in Germany indicate that the loading efficiency is less 
than 0.1 %, most probably due to the large scalar polarizability of the excited 
state in the quasi-electrostatic regime. Increasing the loading efficiency would 
allow higher densities of Ca atoms to be trapped, representing an improved 
starting point for experiments. 
Appendix A 
Knife Edge Measurements of 
Gaussian Beams 
The profile of an ideal Gaussian beam is 
(A.1) 
where wi is the 1/ e2 radius in the i direction and / 0 is the maximum intensity. 
The power in the beam is given by 
(A.2) 
(A.3) 
Consider moving an object, larger than the beam's cross section and with a 
straight, sharp edge, across the beam as shown in the figure. The straightness 
of the edge is for ease of the integrals in the calculations below. The reason for 
having a sharp edge is to define the edge more exactly and not have it depend 
on the orientation of the edge. As the knife edge moves across the beam the 
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power measured is now 
(A.4) 
(A.5) 
(A.6) 
(A.7) 
(A.8) 
We introduce a change of variable u2 = 2x2 /w; ---+ dx = Wx duj V2 such that 
P(x) - Ptotal - ~ T 2_ ru -u2 d 
- 2 4 1oWxWyft}o e u. 
Noting that the definition of the error function is 
2 r 
erf(u) = ft Jo e-u2 du, 
and making use of the definition of the intensity in a Gaussian beam is 
r _ 2 ?total 
lQ- ' 
1fWx Wy 
we come to 
(A.9) 
(A.lO) 
(A.ll) 
(A.12) 
When fitting to knife edge measurements we plot X vs P(X). Then Wx can be 
extracted by fitting the data using Eqn. A.12. 
Appendix B 
Light-Shifts 
This appendix shows the derivation of the light-shift of an atomic state when 
the rotating wave approximation (RWA) is valid. 
B.l Rotating Wave Approximation 
We start with the time-dependent Schrodinger equation 
dw in dt = Hw , (B.l) 
and expand the wavefunctions, which form a complete set, in the concise Dirac 
notation 
(B.2) 
n 
The interaction due to an AC electric field is included as a perturbation, 
V(t) = -d · £0 cos(wt) . (B.3) 
This perturbation corresponds to the energy of a dipole, d = -e r in the oscil-
lating electric field, where e is the electronic charge and r is the displacement 
of the electron with respect to the atomic centre of mass. The dipole moment 
is parallel to the electric field. We introduce here the Rabi frequency, n, which 
is defined as, 
(mid· £In) 
-n 
e£o h(mlrln). 
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We can further simplify the situation to only consider two atomic states, which 
will be labelled 11) and 12). Substituting Eqns. B.2 and B.3 into Eqn. B.1leads 
to 
r2 cos(wt) e-iwotc2 
r2 cos(wt) eiwotc1 , 
(B.5) 
(B.6) 
where w0 = (w2 - w1). We re-write these equations in a more convenient form, 
(B.7) 
(B.8) 
At this point the rotating wave approximation (RWA) is made and terms that 
include w + w0 are dropped [19]. To simplify further we define ~ = w- w0 . 
Then, 
We now define a new set of variables to include the time dependencies, 
cl e -itJ.t/2 
c2 eitJ.t/2 . 
(B.9) 
(B.lO) 
(B.ll) 
(B.12) 
Differentiating Eqns. B.ll and B.12 w.r.t. time, and multiplying by i gives 
Substituting in Eqns. B.9- B.l2 into these differential equations yields, 
~ ( c1 ~ + c2 n) 
~ ( c1 n- c2 ~) 
(B.13) 
(B.14) 
(B.l5) 
(B.l6) 
We can now combine Eqns. B.l5 and B.l6 and write them in matrix form 
(B.l7) 
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The eigenenergies of the perturbed system are of the form 
(B.l8) 
In the limit that ID.I » n the energies are 
E= ±- D.+-n ( n2) 
2 2 D. ' 
(B.19) 
or an energy shift of the electronic states of 
(B.20) 
as used in Section 6.3.1. 
Appendix C 
Derivation of Light-Shifts Using 
a Floquet Approach 
We approach the problem from the same starting point as in Appendix B but 
take a different approach to the problem. Again we start with Eqns. B.l and 
B.3. We separate the perturbation, V(t) is into two parts 
where 
nn V+=V_= 2 . 
We make us of the Floquet ansatz 
with 
T = wt 
(C.l) 
(C.2) 
(C.3) 
(C.4) 
and 17/Jm ( T)) is periodic with period 27r and Em is defined as the quasi-energy 
[125]. 
The new states 17/Jm(r)) are expanded as a Fourier expansion 
Substituting Eqns. C.3 and C.5 into Eqn. B.l we get 
liw L e-intl'l/Jm,n) + L n lie-intl'l/Jm,n) =HaL e-intl'l/Jm,n) + ... 
v+ L.:e-i(n-l)tl'l/Jm,n) + v_ L.:e-i(n+l)tl'l/Jm,n) 
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This equation should hold for all time. Thus we compare terms oscillating with 
the same frequency and get the coupled equations 
(C.7) 
C.l Energy Shifts 
Perturbation 
From Eqn. C.7 we see that the dipole interaction causes 7/Jo to couple to 7j;_1 and 
7/J1 , 7/J1 to couple to 7/Jo and 7/J2 , and so on. As the interaction is to be considered 
as a perturbation, we take it that the field is weak, £ ---+ 0. We also note 
v+, v_ ex£ 
E = E0 + E(ll£ + E(2)£2 + ... 
17/Jn) = 17/J~O)) + 17/J~l)) £ + I7/J~2)) £2 + · · · 
(C.8) 
(C.9) 
(C.lO) 
To arrive at a solution we substitute for 17/Jn) and E, to the correct order, in 
Eqn. C.7 and compare terms by the order of£ . 
Zeroth Order 
By definition, the zeroth order energies and wavefunctions correspond to the 
unperturbed results for solving Eqn. B.l with V(t) = 0. The results are 
E(O) = E, 
.,,(o) - A. 
'f'O - 't'O, 
7/J~o) = 0, V n =1- 0 
C.l.l First Order 
E(1)7/J6°) + (E(o) + Ohw- Ha) 7/J61) = V+7/J~{ + V_7/Ji0) 
Projecting onto 7/J6°) 
(C.ll) 
(C.l2) 
(C.13) 
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As the second term is zero, we see that there is no first order shift. 
n=±l. 
Working from 
(C.14) 
we can show that 
(C.15) 
where we have defined the Green's function 
( (0) ) - 1 G E ± nw - E(o) ± nw- Ha (C.16) 
C.1.2 Second Order 
(C.17) 
and as before we project onto 'I/J6°) and remove the terms that go to zero. 
Substituting Eqn. C.15 
:::::? £(2) = ('I/J6°)IV+G (E(o)- nw) V_I'I/J6°))+ 
('I/J6°)IV_G (E(o) + nw) V+l'l/J6°)) . 
(C.18) 
(C.19) 
This equation says that the second order shift is due to two terms: the first 
term on the RHS is due to an atom emitting a photon and then absorbing a 
photon. The second term is due to an emission followed by absorption. 
The Green's function, Eqn. C.16 can be presented in a more useful form 
1 lk) (kl 
£(0) ± nw - Ha = ~ Eo - Ek ± nw . (C.20) 
This equation can be proved by making use of the closure relation 2:k lk) (kl = 1l 
in the following way. 
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1'1/Jk) lk) E(O) ± nw- Ha 
::::} (E(o) ± nw- Ha)I'I/Jk) lk) 
::::} Lk'(E(O) ± nw- Ha)lk')(k'I'I/Jk) = lk) 
::::} Lk,(E(o) ± nw- Ek')lk')(k'I'I/Jk) lk) 
::::} (E(o) ± nw - Ek) (klk) (ki'I/Jk) = (klk) 
::::} (E(o) ± nw- Ek)(ki'I/Jk) - 1 
(ki'I/Jk) 1 ::::} E(o) ± nw- Ek 
::::} 1'1/Jk) lk) E(o) ± nw- Ek 
Inserting Eqn. C.20 into Eqn. C.19 
::::} E(2) = L ('I/J6°)IV+Ik)(kiV-I'I/J6°)) + ('I/J6°)IV-Ik)(kiV+I'I/J6°)) (C.21) 
Eo - Ek - nw Eo - Ek + nw k 
1 (O) r 
= L (7/Jo IV+ik) ( 1 + 1 ) , (C.22) 
k n Wo-W Wo +w 
where liwo = Ek- E0 . Using Eqn. C.2 Eqn. C.22 can now be finally written as 
E(2) = MJ2 ( 1 + 1 ) 
4 wo-w wo + w · 
(C.23) 
For a red-detuned laser the first term in the brackets is negative and dominates 
as Wo - w < w0 + w. Thus the energy shift is negative and the effect is to lower 
the atomic states energy. 
Appendix D 
Examples of the Q-Matrix 
This appendix includes the Q-matrices calculated for the 5P3; 2 state of Rb, 
evaluated from Eqn. 6.39. For this level J = 3/2 and F ranges from 1 to 4. 
The form of the matrices are as shown in Fig. 6.6. 
On the next pages are examples of the Q-matrix of Eqn. 6.39 for the 5P3; 2 state 
of Rb for the laser field polarised along z, Eqn. D.1, and secondly x, Eqn. D.2. 
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